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Abstract
Birds, as a group, are long-living. Both for mammals and birds, the maximum lifespan
potential (MLSP) of a species is correlated with body size, but birds live, on average,
twice as long as mammals. Differences in longevity also exist within the group of birds,
again as a correlation with body size, but there is also considerable mass-independent
variation in MLSP. For example, Psittaciformes (parrots) are extremely long-living with
an average MLSP of 25 years, and with some species living more than 100 years. In
contrast, similar-sized Galliformes (fowl) are short-living, and the comparison of these
bird orders might give considerable insights into the mechanisms of aging.

Early attempts to understand the mechanisms determining maximum longevity were
carried out in mammals and implicated differences in metabolic rate. Thus, the
longevity differences between mammals and birds, as well as within birds, were
surprising as the "rate of living" of birds (i.e. their metabolic rate) is generally higher
than that of mammals of the same size, and birds usually have much higher resting body
temperatures than mammals. Furthermore, similar-sized birds with extreme differences
in MLSP (such as parrots and fowl) have very similar metabolic rates.

While differences in metabolic rate per se cannot fully explain longevity differences
among animals, there does appear to be some link between the „rate of living‟ and the
„length of life‟. Oxygen-derived radicals (nowadays called reactive oxygen species;
ROS) are produced as a normal by-product of mitochondrial respiration. These ROS
cause oxidative damage to biological molecules and the accumulated damage, in turn,
results in the breakdown of homeostatic regulatory systems, eventually causing an
animal's death and consequently determining the characteristic maximum longevity of
the particular species. This “oxidative stress theory of aging” is currently the most
widely accepted explanation of an animal‟s maximum lifespan, and can be divided into
its functional components: (i) the mitochondrial production of ROS during normal
respiration, (ii) the countervailing influence of an array of antioxidant systems (both
enzymatic and non-enzymatic), and (iii) oxidative damage to a wide variety of biomolecules.
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This study examined the biochemical mechanisms underlying the longevity differences,
on the one hand between long-living pigeons (MLSP 35y) and short-living rats (MLSP
5y), and on the other hand between three species of long-living parrots (average MLSP
27y) and two species of short-living quails (average MLSP 5.5y). A number of
functional aspects of the oxidative stress theory were investigated in the two speciescomparisons.

In the rat-pigeon comparison, total antioxidant status and non-enzymatic antioxidants
are essentially the same in rats and pigeons. The enzymatic antioxidants (especially
mitochondrial) suggest that the rats experience a much greater degree of oxidative stress
in vivo than do pigeons. This is especially the case for the peroxidases (glutathione
peroxidase and catalase). However, the results from in vitro measurements of
mitochondrial ROS production (superoxide and hydrogen peroxide) do not support this
interpretation. It is only heart mitochondria that suggest a greater oxidative stress in rats
compared to pigeons, and only with succinate as a substrate.

There was no convincing evidence of rat tissues having consistently higher in vivo
mitochondrial superoxide production than tissues in pigeons. Yet, the higher enzymatic
antioxidant content of rats compared to pigeons suggests that rat tissues in vivo may
experience greater oxidative stress than pigeon tissues. Is this apparent contradiction
real? In this respect it is of interest that the most consistent difference that was observed
between rats and pigeons was in the peroxidation index of membrane lipids, with the
rats having a significantly higher membrane susceptibility to oxidative damage than
pigeons. Fatty acid peroxidation leads to the formation of harmful secondary lipid-based
ROS. These secondary ROS might be as important as mitochondria-derived primary
ROS in the determination of an animal‟s lifespan. Biomarkers of lipid peroxidation, as
well as markers of protein and mitochondrial DNA damage, were determined for the
same individuals. No differences were found between rats and pigeons which may be
due to rapid repair and removal rates.

A similar approach was used in the parrot-quail comparison, with the difference that all
birds in this comparison were fed the same diet for two months prior to the beginning of
the experiments, to exclude dietary effects on all variables examined. ROS production
was determined in intact cells (erythrocytes), as well as in vitro in isolated
v

mitochondria. Both methodological approaches revealed that parrots and quails have
very similar levels of ROS generation. Mitochondrial ROS production, therefore, may
not account for their longevity differences.

Glutathione peroxidase (GPx) and glutathione (GSH) levels are higher in the long-living
parrots and suggest higher protection against the harmful effects of hydroperoxides
which might be important for parrot longevity. Parrots have a higher total antioxidant
capacity, but only on a „per g tissue‟ basis. All other antioxidants show either no
association, or a negative correlation with MLSP. Despite indications of higher
protection against some aspects of oxidative stress in the parrots, overall antioxidant
defence mechanisms do not account for their longevity.

Besides maximum lifespan, basal metabolic rate (BMR) also varies with body size in
mammals and birds and it has been suggested that both mass-related variations are
mediated through differences in membrane fatty acid composition. BMR, the tissue
phospholipid fatty acid composition of seven tissues, and fatty acid composition of
mitochondrial membranes from two tissues, were evaluated in all parrots and quails.
Whereas neither BMR nor the membrane susceptibilities to oxidative damage
corresponded with the long MLSP of parrots, there was consistent demonstration that (i)
all birds exclude n-3 polyunsaturated fatty acids from their mitochondria, and that (ii)
independent of the mode of locomotion (flight vs. non-flight muscles) both pectoral and
leg muscle have an almost identical membrane fatty acid composition in all birds.

In agreement with the absence of differences in ROS production, antioxidants and
membrane composition, the tissue levels of oxidative damage (mitochondrial DNA,
protein and lipid damage) were similar in parrots and quails.

The rat-pigeon comparison and the parrot-quail comparison can be regarded as two
separate studies, with one investigating the mechanisms underlying the long MLSP of
birds in general (in comparison to mammals), and the other examining the basis of
lifespan differences within birds. Mitochondrial primary ROS generation is commonly
regarded as an important determinant of longevity differences between species.
However, both studies showed equally that mitochondria-derived ROS might not be as
important as generally assumed. Instead, secondary lipid-based ROS, produced during
vi

lipid peroxidation of membrane fatty acids, might be the more important ROS with
respect to oxidative stress. A low secondary lipid-based ROS production can to some
extent explain the long lifespan of pigeons compared to rats due to much higher
membrane susceptibility to oxidative damage in the rats. It can also to some extent
explain the long lifespan of parrots because of their high GPx and GSH levels, which
protect against hydroperoxides formed during lipid peroxidation of membrane fatty
acids.
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Preface
I approached this study initially as a comparison of oxidative stress parameters in longliving parrots and short-living quails. It is the most extensive comparison of oxidative
stress in long-living and short-living birds to date, and almost all of the parameters
measured have been determined in the selected bird species for the first time.

The outcomes of the parrot-quail comparison were unexpected in that they, despite the
large longevity difference, showed only minimal difference between the parrots and the
quails. Due to insufficient literature about oxidative stress in parrots and quails, it was
not possible to compare my results to previous studies. To ascertain whether the results
obtained were correct and not due to methodological problems, the decision was made
to repeat all measurements using species that had oxidative stress values previously
reported in the literature. The most common mammal-bird comparison examining the
mechanisms of aging is the rat-pigeon comparison, with data available for
mitochondrial ROS production, antioxidants, membrane fatty acid composition and
oxidative damage in selected tissues, reported from different laboratories. In the ratpigeon comparison the same methodological approaches were used as in the parrotquail study. However, as the rat-pigeon comparison was done after the parrot-quail
study, it was carried out in a more complete manner, for example comparing different
methods to determine mitochondrial hydrogen peroxide production.

All oxidative stress parameters obtained in this rat-pigeon comparison are very similar
to values reported previously, which made me confident that all measurements on the
parrots and quails were carried out correctly. Additionally, as the rat-pigeon study was
carried out in a much more thorough manner than done previously, additional questions
about previous conclusions regarding the validity of the oxidative stress theory are
raised in this study. To facilitate the understanding of the complete study, the rat-pigeon
data will be presented first, followed by the parrot-quail comparison.

In both species-comparisons, measurements were carried out to answer four major
questions in regard to the oxidative stress theory of aging:
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Does the rate of mitochondrial reactive oxygen species (ROS) production differ
between parrots and quails?



Does the resistance to ROS production differ between parrots and quails?



Does membrane susceptibility to oxidative damage differ between parrots and
quails?



Do parrots and quails differ in the accumulation of oxidative damage?

Although the rat-pigeon comparison and the parrot-quail comparison are two
independent parts of this study, they cover a very similar background literature and
methodology. For this reason, I have amalgamated the introduction and methodology
for both parts into one introduction chapter (Chapter 1) and one methodology chapter
(Chapter 2). These two chapters are presented in PART A of this thesis. The complete
rat-pigeon comparison is presented as one chapter, whereas the parrot-quail comparison
is sub-divided into four chapters. These chapters are divided in the following manner:

PART B: The Bird-Mammal Comparison
Chapter 3: The Rat-Pigeon comparison
PART C: The Parrot-Quail Comparison
Chapter 4: ROS production
Chapter 5: Antioxidants
Chapter 6: Membrane fatty acid composition
Chapter 7: Oxidative damage
Chapter 8: Comparison of different aspects of oxidative stress
PART D: Conclusions, Bibliography, Supplementary data
Chapter 9: General conclusions
Chapter 10: Bibliography
Chapter 11: Supplementary data
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PART A:

Introduction and Methodology
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Chapter 1: Introduction
1.1 Early theories of aging – The 19th century
Living organisms age and eventually die. The evolutionary origin of a finite maximum
lifespan is as yet unknown and still provokes lively discussion. Charles Darwin
established the „survival of the fittest‟ theory that was incompatible with most ageing
theories. The „survival of the fittest‟ theory, also referred to as the „natural selection‟
theory, designates that random changes occur in heritable traits of organisms. Changes
that are beneficial for the individual are retained in subsequent generations, whereas
features that are disadvantageous are selected against. How can evolution of a finite
lifespan be reconciled with the notion of “survival the fittest”? This conceptual dilemma
has raised doubt about Darwin‟s theory in the past and has affected aging theories for
nearly 150 years (Goldsmith, 2006).
In the early stages of the longevity debate, aging was seen as representing a „wearout‟
process, meaning that living organisms become weaker with time, like a knife becomes
weaker after frequent usage. However, in the 19th century, the second law of
thermodynamics was formulated emphasizing that entropy (disorder) must increase
within a closed system. Because life requires a degree of homeostasis, the living cell is
classified thermodynamically an open system, but with aging being characterized as an
increase in the loss of order and functionality of specialized cell structures (Marineo,
2005). Although cells are able to retard the rate of entropy increase and are capable of
repairing themselves, an inner energetic failure cannot be circumvented indefinitely.
While a basic knowledge about the mechanisms of aging was acquired in the 19 th
century, August Weismann hypothesised about the purpose of a restricted lifespan
(Weismann, 1868). He acknowledged Darwin‟s theories and emphasized that a regular
turnover is necessary for evolution. The old generations had to remove themselves to
create new space for the following generations (Rose, 2008). Although Darwin‟s and
Weismann‟s early theories were only descriptive and unable to explain the biochemical
basis of aging, they stimulated debate about longevity and provoked other scientists to
direct their research focus to this topic.
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1.2 Evolutionary and ecological reasons for aging
A more recent aging theory was proposed by Peter Medawar in 1952. He stated that
most animals die before they reach their maximum possible lifespan through the impact
of predators, diseases or accidents. Therefore, it would be evolutionary disadvantageous
to favour traits that would be beneficial in times when most individuals were dead
anyway because of external factors. The high occurrence of external factors has led to a
natural selection towards a faster maturation and earlier reproduction. Non-flyers or
weakly flying birds, being at greater risk of predation, breed earlier and produce large
clutches with a short incubation period than flying birds that commence breeding much
later and have a very small clutch size with an extended incubation period (Daan et al.,
1996; Krüger, 2005). A body of comparative evidence suggests that a slower aging has
co-evolved with the ability of flying, both in mammals (e.g. bats) and birds (Holmes
and Austad, 1995b). This theory implicating external factors and natural selection
towards early reproduction is nowadays referred to as the evolutionary senescence
theory (Holmes and Ottinger 2003). Furthermore, a slight modification of Medawar‟s
theory is the „mutation-accumulation‟ theory which states that only mutations that occur
late in life are likely to accumulate due to their low impact on fitness (Medawar, 1952).
Differences in fitness and the exposure to external factors might be a major contributor
to lifespan differences between bird families. In this regard, it is also important to
consider the phylogenetic differences between evolutionary distinct avian and
mammalian families. Comparative differences between species are a powerful tool in
understanding the physiological and biochemical basics of aging. However, a downside
of such comparisons is the lack of independence of the variables measured due to shared
phylogenetic history (Speakman, 2005).

1.3 The long life of birds and their metabolic rate
It has been known for centuries that species differ tremendously in their maximum
lifespan potentials (MLSP), with larger animals usually living longer than smaller ones.
Rubner (1908) extended this observation by recognizing that a correlation existed
between an animal‟s longevity and its metabolic rate. Comparing five mammals (guinea
pigs, cats, dogs, cattle, and horses), Rubner calculated the total energy expended per kg
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of tissue by these mammals over their whole lifetime (lifetime energy potential = LEP)
and found it to be surprisingly similar in all species examined given their very different
life spans (Rubner, 1908). He noted that the longer the lifespan of a species was, the
lower was its mass-specific metabolic rate, leading to a similar overall LEP. A logical
extension of Rubner‟s theory would be that animals have only a limited number of heart
beats and then they die. Pearl (1928) extended Rubner‟s theory to invertebrates.
Working with Drosophila, he proposed that the inverse relation between lifespan in fruit
flies and ambient temperature was a direct result of differences in metabolic rate. This
theory, named by Pearl as the „rate of living‟ theory, has been accepted by many
researchers, but it does not reconcile with the following:

(1) Voluntary exercise, which increases metabolic rate, does not decrease longevity
(Holloszy et al., 1985),
(2) Caloric restriction increases lifespan, but does not decrease metabolic rate (McCarter
et al., 1985; McCay et al., 1989), and
(3) Birds and mammals with similar rates-of-living do not show similar maximum
lifespans.

A correlation exists between the mass-specific metabolic rate of an animal and its body
size, both for mammals and for birds (Figure 1-1A). Interestingly, birds have basal
metabolic rates (BMR) that are on average 1.5-fold higher in comparison to similarsized mammals. For example, budgerigars have a 50% higher metabolic rate than
similar-sized mice (Gavrilov and Dolnik, 1985; Tucker, 1969). If the „rate of living‟
theory was correct, birds of a given size would be expected to have a shorter lifespan
than similar-sized mammals. Surprisingly, this is not the case. Comparing the allometric
relationships of lifespan and body mass of mammals and birds, it becomes apparent that
birds have maximum lifespans that are approximately 2-fold higher than those of
similar-sized mammals (Figure 1-1B) (Hulbert et al., 2007). The greater longevity of
birds is unexpected not only because of their high BMRs, but also because of their high
blood glucose levels and body temperatures (41-42oC in birds vs. 37-38oC in mammals)
(Holmes and Ottinger, 2003; Lasiewski and Dawson, 1967).
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Figure 1-1: The relationship between body mass of mammals and birds and basal
metabolic rate (A) or maximum lifespan (B). Adapted from Hulbert et al. (2007). For
mammals, n=267, while for birds, n=108.

1.4 Principles of the oxidative stress theory of aging
While differences in metabolic rate per se cannot fully explain longevity differences
among animals, there does appear to be some link between the „rate of living‟ and the
„length of life‟ (Speakman et al., 2002). In the 1950‟s, when oxygen toxicity was linked
to free radical production in animals (Gerschman et al., 1954), it prompted development
of the "free radical" theory of aging (Harman, 1956). This hypothesis proposed that
reactive oxygen species (ROS), mainly oxygen-derived radicals, are produced as a
normal by-product of aerobic metabolism. These ROS cause oxidative damage to
biological molecules and the accumulated damage, in turn, results in the breakdown of
homeostatic regulatory systems, eventually causing an animal's death and consequently
determining the characteristic maximum longevity of the particular species. Over the
years the free radical theory has evolved into the "oxidative stress" theory of aging
(sometimes also called the oxidative damage theory) (Salmon et al., 2010). This is
currently the most widely accepted explanation of aging and thus the determination of a
species maximum longevity. The oxidative stress theory is underpinned by four
functional components: (i) the rate of mitochondrial production of ROS during normal
respiration, (ii) the countervailing influence of an array of antioxidant systems (both
enzymatic and non-enzymatic) on ROS, (iii) the susceptibility of biological structures to
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oxidative attack, and (iv) cumulative oxidative damage to a wide variety of biomolecules (Figure 1-2). Although there is much evidence to support the oxidative stress
theory, it is not universally accepted and certainly not yet proved to determine
maximum longevity. A number of recent contributions have questioned aspects and the
general applicability of the theory (Brown et al., 2009; Buffenstein et al., 2008; Staniek
and Nohl, 2000).

Figure 1-2: Schematic summary of the oxidative stress theory of aging. Mitochondria
consume oxygen and simultaneously produce reactive oxygen species, which, if not
fully balanced by available endogenous antioxidants, cause oxidative stress. Oxidative
stress results in the damage of biological molecules, including DNA, proteins and lipids
(mainly membrane fatty acids). In the process of lipid peroxidation, secondary lipidbased ROS are produced which lead to further oxidative stress (blue arrow). The
accumulation of damaged products determines the rate of aging and an animal‟s
maximum lifespan. Adapted from Hulbert et al. (2005).

1.4.1 Mitochondrial respiration and ROS production
The mitochondrial respiratory chain, embedded in the mitochondrial inner membrane,
couples oxygen consumption to ATP production by producing a proton gradient across
the mitochondrial inner membrane. The proton gradient is created by the respiratory
chain complexes by simultaneously transporting electrons from electron donors (NADH
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and FADH2) towards molecular oxygen which thereupon is reduced to water. During
the process of electron transport, single electrons can potentially leak out of sequence,
reacting with molecular oxygen and leading to the production of superoxides (O2•-), the
primary ROS created on mitochondrial level (Figure 1-3) (Chance et al., 1979).

Figure 1-3: The production of superoxides by the mitochondrial respiratory chain
during electron transport. Electrons are transported from electron donors (NADH and
FADH2) towards complex IV and towards the reduction of molecular oxygen.
Simultaneously to the electron transfer, a proton gradient is created which is used for
ATP synthesis. Electrons can leak out of sequence producing superoxides, mainly at
complexes I and III. Adapted from Bellance et al. (2009).
ROS, including superoxides, are generated as a by-product of redox reactions in the
presence of iron or other metals, as it is the case in the mitochondrial respiratory chain.
Therefore, complex I and complex III of the respiratory chain are the main sites of
superoxide generation (see Figure 1-3) (Barja, 1998; Chen et al., 2003; Liu et al.,
2002). ROS are created by (i) flavin mononucleotides, and/or (ii) linked
ubisemiquinones, and/or (iii) inside complex I itself (Fe-S-Cluster) (Genova et al.,
2003). Complex I produces superoxides towards the matrix site, whereas complex III
produces them both to the matrix and the intermembrane space site at approximately
equal rates under de-energized conditions (Figure 1-3) (Brand, 2010; Han et al., 2001;
Miwa and Brand, 2005). Although complex I and complex III represent the major
superoxide generators in mitochondria, up to seven sites have been shown to be
involved in ROS generation (for a detailed review see Brand (2010)). As the majority of
these measurements has been carried out in isolated mitochondria in the presence of
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respiratory chain inhibitors, the relative importance of all seven sites has yet to be
clarified and new methodological approaches are needed (Brand, 2010).
There is a considerable variation in estimates of the magnitude of mitochondrial „in
vitro‟ superoxide production reported in the literature. Early studies suggested that up to
four percent of the electrons flowing along the respiratory chain are diverted to produce
superoxide (Herrero and Barja, 1997). More recent studies have questioned the earlier
estimates and claim that the so called free radical leak (FRL) is much smaller, in the
range of 0.15 to 1 percent (Gomez et al., 2009; Hansford et al., 1997; Lopez-Torres et
al., 2002; St-Pierre et al., 2002). Although superoxides are a normal by-product of
oxygen consumption and it is possible to calculate the FRL under certain conditions, the
percentage of electrons that are used for ROS formation is not constant and
stoichometric (Barja, 2004). Several physiological parameters are responsible for the
non-stoichometric relationship of oxygen consumption and superoxide production: (1)
temperature-dependent influences on electron flow towards oxygen; (2) the
concentration of respiratory chain complexes; (3) the reduction state of the ROS
generators (the more reduced the ROS generators are, the more ROS is produced); (4)
chemical modifications of the respiratory chain and especially of the ROS generators
(e.g. gluthationation of complex I increases ROS formation); and (5) the proton leak
(Buttemer et al., 2010). Superoxide production can be almost entirely abolished in the
presence of uncoupling proteins and other mitochondrial uncouplers, demonstrating the
sensitivity of ROS production to proton motive force, mainly to differences in the pH
gradient across the inner membrane (Lambert and Brand, 2004b).

Superoxide is a charged radical, which is unable to cross membrane bilayers. Matrix
superoxide is decomposed by manganese-superoxide dismutase (Mn-SOD) and
cytosolic and extracellular superoxide by copper-zinc superoxide dismutase (CuZnSOD) to hydrogen peroxide (H2O2) (Asayama and Burr, 1985; Tyler, 1975). H2O2 is
uncharged and is able to diffuse out of the mitochondria into the cellular surroundings.
Although hydrogen peroxide is not a radical (no unpaired electrons on the surface), it is
able to non-enzymatically create highly reactive hydroxyl radicals (OH •) in the presence
of ferric ions (Fe2+). This reaction is known as the Fenton reaction. H2O2 is also rapidly
decomposed to H2O by peroxidases (glutathione peroxidase and catalase) (Figure 1-4).
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Figure 1-4: Production and dismutation of superoxide and hydrogen peroxide, and the
production of peroxynitrate (ONOO-) and hydroxyl radicals (OH•-).

It was first proposed by Sohal and colleagues that the rate of superoxide and hydrogen
peroxide production of liver, heart and kidney mitochondria is inversely related to
MLSP in mammals (Ku et al., 1993; Sohal et al., 1990). This observation of a higher
reactive oxygen species (ROS) generation rate in short-living species was further
extended to a bird-mammal comparison. Ku and Sohal (1993) were the first to compare
mitochondrial ROS production between short-living rats (MLSP 5y) and long-living
pigeons (MLSP 35y) in brain, heart and kidney, and they concluded that the tissues of
the pigeon should be under less oxidative stress. More recent studies, mainly from the
Barja group from Spain and the Brand group in the UK, repeated and extended the ratpigeon comparison using different tissues and substrates for the mitochondrial
respiration chain, and also concluded that mitochondrial ROS production was higher in
the shorter-living rat (Barja et al., 1994b; Barja and Herrero, 1998; Herrero and Barja,
1997; Lambert et al., 2007; Lambert et al., 2010). Although rats and pigeons are the
most commonly used bird-mammal comparison, limited data are available on other
birds and mammals. Whereas Barja (1998) showed that heart mitochondria of shortliving mice (MLSP 4y)

have a higher ROS production than those of long-living

budgerigars (MSLP 21y) and canaries (MLSP 24y), Brown et al. (2009) showed that
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liver mitochondria from mice had a lower rate of ROS production compared to longerliving sparrows (MLSP 14y).
While mammal-bird longevity differences make them well suited for examining the
bases of ageing, there is considerably more variation in MLSP among similarly sized
birds. To date there has been no direct comparison of mitochondrial ROS production
between short-living and long-living birds. Within two of the studies cited above (Barja
and Herrero, 1998; Lambert et al., 2007), there are values for bird species that differ in
MLSP. Barja (1998) provides values for heart mitochondria from budgerigars and
canaries, but these two species have similar MLSP (21y vs. 24y, respectively). Lambert
et al. (2007) show that heart mitochondria from Japanese quails have a higher ROS
production than those from pigeons; however these species differ in body size.

1.4.2 Resistance to oxidative stress: Antioxidant Systems
Animals relying on aerobic metabolism have to contend with oxygen toxicity and have
evolved mechanisms to cope with oxygen radicals. Invertebrates as well as vertebrates
evolved complex antioxidant systems to degrade the variety of reactive oxygen species
produced (Halliwell, 1999). It has to be noted that antioxidants are not completely
efficient and under high rates of ROS formation oxidative damage still occurs
(Balentine, 1982).

Antioxidant defence systems can be divided into enzymatic antioxidants and nonenzymatic, low-molecular weight molecules. One of the key antioxidant enzymes is
superoxide dismutase (SOD), which produces hydrogen peroxide (H2O2) from
superoxide (Asayama and Burr, 1985; Tyler, 1975). Other key enzymes include the
peroxidases; glutathione peroxidase (GPx) and catalase (CAT), which are responsible
for the degradation of H2O2 and other hydroperoxides (Deisseroth and Dounce, 1970;
Mills, 1957). Animals also use a variety of non-enzymatic low-molecular weight
molecules, such as uric acid (Ames et al., 1981), ascorbic acid (Cutler, 1984b),
tocopherols (Colombo, 2010) and carotenoids (Cutler, 1984a) that have antioxidant
function. Uric acid, which in the first instance is a nitrogen excretion product, also
scavenges singlet oxygen and other radicals, and its plasma content has been shown to
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have increased during primate evolution (Ames et al., 1981; Cutler, 1984b). In birds,
uric acid is produced in higher concentrations than in mammals and has been suggested
to account for up to 90 percent of the interspecific variation in total antioxidant status of
plasma among birds (Cohen et al., 2007). Reduced glutathione (GSH) is involved in the
detoxification of endogenous compounds, such as hydrogen peroxide and other
hydroperoxides (e.g. peroxidized lipids), by acting as a co-substrate for glutathionetransferases and glutathione peroxidases (Kaplowitz, 1980; Wendel and Cikryt, 1980).
The importance of reduced glutathione is highlighted by its depletion following induced
oxidative stress (exposure to lipid hydroperoxide) in liver mitochondria, with a
simultaneous increase in oxidized glutathione (GSSG) levels (Suliman et al., 2002).
Other larger molecules (e.g., plasma albumin), when damaged by ROS, can be
considered to be incidental antioxidants (Peters, 1996).

The importance of SOD, especially mitochondrial Mn-SOD, becomes evident in
knockout animal models. Mice lacking the Mn-SOD die soon after birth (Lebovitz et
al., 1996; Murakami et al., 1998), whereas animals lacking the cytosolic Cu/Zn-SOD
have a „normal‟ phenotype and live to adulthood, but with a shorter lifespan (Ho et al.,
1998; Sentman et al., 2006). These findings demonstrate the importance of a superoxide
degradation system, especially at the source of generation in mitochondria. A similar
situation has been shown for GPx where knockout-mice lacking the cytosolic GPx lived
to adulthood (Ho et al., 1997), whereas other forms of GPx (such as the phospholipid
hydroperoxide glutathione peroxidase) are essential for all stages of life (Yant et al.,
2003). The conclusion from such studies is that various isoforms of antioxidant
enzymes vary in their importance in the determination of lifespan.
In the 1980‟s, Cutler carried out an extensive comparison of antioxidant systems (both
enzymatic and non-enzymatic) in a wide variety of mammals that differed in maximum
longevity in an attempt to understand the extended longevity of humans. The results
were inconclusive in that some antioxidant systems showed increased capacity in
species with greater longevity, some showed no correlation, whereas others decreased
with maximum lifespan (Cutler, 1985). More recent studies have included other
vertebrate types, but show a similar variation in patterns (Cohen et al., 2008; LopezTorres et al., 1993; Perez-Campo et al., 1998), with many showing a higher potential for
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antioxidant protection in shorter-living species. Table 1-1 summarizes a variety of
comparative studies measuring endogenous antioxidant levels in animals differing in
their maximum lifespans (table taken from Hulbert et al. (2007)) and highlights the
repeatedly occurring negative correlations of antioxidant levels and longevity. Indeed,
high antioxidant enzyme activities are now interpreted to sometimes reflect high levels
of oxidative stress in the tissue or animal that is measured. A recent extensive study
(Cohen et al., 2008) of plasma antioxidants in birds (95 species) which focussed on lifehistory traits rather than maximum longevity, gave ambivalent results with the most
consistent associations being between antioxidants and body mass such that the “live
fast-die young” life history characteristics of smaller birds was associated with a higher
plasma total antioxidant capacity.

This view of antioxidant levels passively adapting to the cellular needs rather than
precautiously being higher in long-living species gains indirect support from studies,
where antioxidant levels were increased either through exogenous antioxidant treatment
or an induction of endogenous antioxidants. They find that such increases in antioxidant
status only increase the average lifespan (i.e. health) of invertebrates (Miquel et al.,
1982; Orr and Sohal, 2003) and vertebrates (Clapp et al., 1979; Harris et al., 1990;
Huang et al., 2000), but have no effect on their maximum lifespan. Furthermore, dietary
supplementation of retinol, ascorbic acid and alpha-tocopherol did not decrease lipid
damage in birds (Larcombe et al., 2010). These studies collectively suggest that
antioxidant defences do not determine a species maximum lifespan and do not slow
down the aging process.
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Table 1-1: Summary of studies comparing endogenous antioxidants in animals differing
in their maximum lifespan potentials
Antioxidant
Ascorbate

Number of Species compared
7 Mammals
9 Mammals
7 Vertebrates
6 Vertebrates
Ames dwarf mice (df/df)
5 or 6 Mammals
6-8 Vertebrates

Organ
Correlation with MLSP Reference
Liver
71
Brain
73
Liver
NS
210
Brain, Lung 18, 285
Liver
41
Catalase
Liver, Kidney 71
Brain, Liver
Lung
18, 210, 285
Drosophila (2)
Whole
NS or 242
GSH
3-5 Mammals
Brain, Liver 71
6-8 Vertebrates
Liver, Lung 210, 285
8 Vertebrates
Brain
NS
18
Ames dwarf mice (df/df)#
Liver
41
Drosophila *
Whole
NS or 242
GSH-Px
5 Mammals + 1 Bird
Liver
197
5 Mammals + 1 Fish
Brain, Liver 78
6 or 7 Vertebrates
Brain, Liver,
Lung
18, 210, 285
GSH-Red
8 Vertebrates
Liver
NS
210
6 or 7 Vertebrates
Brain, Liver 18, 285
Drosophila *
Whole
NS or 242
SOD
13 Mammals
Liver, Brain,
Heart
NS
355
11 Mammals
Brain
+
257
7 Vertebrates
Liver
NS
210
6 or 7 Vertebrates
Brain, Lung 18, 285
Ant (Lasius niger)$
Whole
282
SOD, superoxide dismutase; GSH, glutathione; GSH-Px, GSH peroxidase; GSH-Red, GSH reductase;
NS, not significant; -, negative; +, positive. Studies in vertebrates included fish, amphibians, birds, and
mammals. # Ames dwarf mice (df/df) vs. normal or transgenic GH; * long-lived vs. short-lived lines of
Drosophila; $ Ant (Lasius niger): long-lived queen vs. short-lived workers and males. Adapted from
Hulbert et al. (2007). For references see Hulbert et al. (2007).

1.4.3 The membrane pacemaker theory of aging
A recent modification of the oxidative stress theory, called the “membrane pacemaker”
theory (Hulbert, 2005), emphasises that species vary in their membrane fatty acid
composition and consequently their susceptibility to oxidative damage. It proposes that
this difference in membrane composition (especially membrane polyunsaturated fatty
acids) has significant flow-on effects and may be an important determinant of maximum
longevity. This modification emphasises that a large number of powerful lipid-based
ROS are secondarily produced by the action of primary ROS (superoxide, hydrogen
peroxide, hydroxyl radicals) on membrane lipids.
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Biological membranes consist of proteins embedded in a phospholipid bilayer with the
hydrophobic fatty acyl chains facing each other and the hydrophilic phospholipid head
groups facing the aqueous surroundings. Fatty acids are composed of long unbranched
carbon chains varying in length, with the majority ranging from 14 to 22 carbons.
Naturally occurring fatty acids in biological membranes have an even number of carbon
atoms as they are synthesized from acetyl-CoA, a two-carbon molecule. The fatty acid
chains can be either saturated, monounsaturated or polyunsaturated (SFA = saturated
fatty acid, MUFA = monounsaturated fatty acid, PUFA = polyunsaturated fatty acid)
dependent on the amount of carbon double bonds present. Thus, SFA have no double
bonds, MUFA have one, and PUFA have more than one double bond. Membrane fatty
acids are attacked by reactive oxygen species. However, only carbon atoms in between
double bonds are prone to attack from which follows that only fatty acids with more
than one double bond (i.e. PUFA) are susceptible to damage (Figure 1-5, Figure 1-6).

Figure 1-5: Phospholipid composition and their susceptibility to attack by ROS.
Membrane bilayers consist of phospholipids which are composed of fatty acyl chains.
Fatty acids differ in their composition and their susceptibility to radical attack, with
only polyunsaturated fatty acids being prone to damage.

Polyunsaturated fatty acids can be further subdivided into n-6 PUFA and n-3 PUFA,
based on the location of the first double bond from the methyl end of the fatty acid. In
Figure 1-5, docosahexanoic acid (DHA) is shown as an example of an n-3 PUFA, with
the first double bond occurring at position 3 from the methyl end. The higher the
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number of double bonds present in a fatty acyl chain, the higher is the susceptibility of
this fatty acid to attack by ROS (Figure 1-6). In general, n-3 PUFA have a higher
susceptibility to oxidative damage which is due to the presence of an extra double bond
for a given chain length. For example, DHA, with 6 double bonds (22:6n3), is one of
the most polyunsaturated fatty acids in vertebrates, and eight-fold more prone to
peroxidation than linoleic acid (18:2n6) which has only two double bonds (Hulbert et
al., 2007), and 320-fold more susceptible to peroxidation than oleic acid (18:1) with
only one double bond (Hulbert, 2005) (Figure 1-6).

Figure 1-6: Relative susceptibility to attack by ROS of saturated, monounsaturated and
polyunsaturated fatty acids. Polyunsaturated fatty acids (PUFA) are further divided into
n-6 PUFA and n-3 PUFA (taken from Hulbert, 2005).

Combining the fatty acid composition of a specific tissue and the susceptibilities of the
constituent fatty acids found in this tissue to be peroxidised by ROS, it is possible to
calculate an index for the susceptibility of tissue phospholipids to oxidative damage (PI
= peroxidation index) (Hulbert, 2008):

38

The attack of „primary‟ ROS (superoxide, hydrogen peroxide and hydroxyl radicals) on
PUFA leads to the formation of lipid-based ROS (which I will refer to as „secondary‟
ROS). Primary ROS abstract hydrogen atoms from PUFA chains creating peroxyl
radicals, which are very reactive and attack a variety of biological molecules, including
membrane proteins and adjacent membrane fatty acids, propagating a chain reaction
(Hulbert et al., 2007). The autocatalytic lipid peroxidation process produces several
intermediate (including lipid hydroperoxides) and end products which fragment to
alkenals, alkanals and glyoxals and are able to migrate in a hydrophilic environment,
causing far-reaching damage (Halliwell and Gutteridge, 2007). These secondary lipidbased ROS, and not only the primary ROS as commonly assumed, may be important in
the determination of maximum lifespan.

In 1978, Gudbjarnason et al. demonstrated a strong positive relationship between the
heart rate of different-sized mammals (measured as body mass in mammals ranging
from mice to whales) and the docosahexaenoic acid content in their cardiac
phospholipids (Gudbjarnason et al., 1978). They offered no explanation for their
observation and from their graph describing the relationship it was unclear whether the
variation in this most highly polyunsaturated fatty acid was directly related to heart rate
or inversely related to body size of the particular mammals plotted. Seventeen years
later, a comparison of the fatty acid composition of tissue phospholipids from mammals
ranging from mice to cattle confirmed the heart size-related phospholipid relation and
further showed this pattern was also present in skeletal muscle, liver and kidney
phospholipids (Couture and Hulbert, 1995). It was later suggested that this size-related
variation in the membrane fatty acid composition of mammals was associated with sizerelated variation in cellular metabolic rate (Hulbert and Else, 1999, 2000) as well as to
size-related variation in maximum lifespan of mammals (Pamplona et al., 1998).

While this early work concentrated on mammals, later it was shown that the fatty acid
composition of pectoral muscle phospholipids in birds also varied systematically with
body size (Hulbert et al., 2002a). Similar size-related variation in birds was reported for
fatty acid composition of heart phospholipids (Szabo et al., 2006) and liver, kidney and
lung phospholipids (Szabo et al., 2010). These trends are not restricted to total tissue
phospholipids of birds as they have also been observed in liver mitochondrial
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phospholipids (Brand et al., 2003a), as well as microsomal phospholipids of the avian
kidneys (Turner et al., 2005) and avian hearts (Turner et al., 2006). Unlike most other
tissues, the fatty acid composition of brain phospholipids does not vary with body size
in birds (Szabo et al., 2010) or in mammals (Hulbert et al., 2002b). Although birds and
mammals have size related variation in membrane fatty acid composition, there are
significant differences between these groups. For example, the docosahexaenoic acid
content of microsomal phospholipids is much lower in birds compared to similar-sized
mammals for both kidney (Turner et al., 2005) and heart (Turner et al., 2006).

Both basal metabolic rate (BMR) and maximum lifespan potential (MLSP) vary with
body size in both mammals and birds (Hulbert et al., 2007) and it has been suggested
that variation in membrane fatty acid composition likely mediates these size-affected
traits, but by different mechanisms. For example, it is thought that the molecular
activity of membrane-bound proteins is strongly influenced by the physical properties of
particular membrane fatty acids, which, in turn, affect cellular metabolic activity. By
contrast, their influence on MLSP is mediated by the different susceptibilities of
individual fatty acids comprising particular membranes to peroxidative damage
(Hulbert, 2008).

Pamplona and colleagues highlighted the importance and the benefits of oxidationresistant structures, especially biological membranes, in influencing MLSP (Pamplona
et al., 2002; Pamplona et al., 1999; Pamplona et al., 1996). In these and several other
studies, it was shown that long-living mammals and birds have a lower susceptibility to
lipid peroxidation due to (1) more MUFA and less PUFA (Brand et al., 2003b;
Buttemer et al., 2008a; Valencak and Ruf, 2011), or (2) no decrease in the overall
PUFA content, but a re-distribution in PUFA types with more omega-6 and less omega3 polyunsaturated fatty acids (Pamplona et al., 1999; Pamplona et al., 1996). Several
comparative studies in extremely long-living species underline the importance of
oxidation-resistant membranes. Naked mole-rats, the longest-living rodents (MLSP >
28y) (Hulbert et al., 2006a; Mitchell et al., 2007), as well as long-living short-beaked
echidnas (MLSP > 50y) (Hulbert et al., 2008) and seabirds (petrels and albatrosses)
(MLSP > 30y) (Buttemer et al., 2008a) have extraordinarily oxidation-resistant
phospholipids.
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A detailed knowledge about differences in phospholipid peroxidation index in mammals
and birds that show a large range of MLSPs is restricted mainly to two tissues, skeletal
muscle tissue and liver mitochondria. When the PI of those two tissues is correlated
with MLSP, a strong inverse relationship becomes apparent (Figure 1-7). Interestingly,
the slope of this relationship is similar for both whole tissue skeletal muscle and liver
mitochondrial phospholipids with the PI being proportional to MLSP-0.40 in liver
mitochondria and MLSP-0.30 in skeletal muscle tissue. This leads to the conclusion that a
19-24% decrease in PI is associated with every doubling of lifespan (Hulbert et al.,
2007). During vertebrate evolution, long-living species might have selected a low
membrane susceptibility to oxidative damage either via a high MUFA/PUFA ratio or
via a low concentration of omega-3 fatty acids in order to protect tissues against the
harmful consequences of attack by ROS.

Figure 1-7: The relationship between maximum lifespan of mammals and birds and the
peroxidation index of (A) skeletal muscle and (B) liver mitochondrial phospholipids
(taken from Hulbert, 2010).

1.4.4 Oxidative Stress Biomarkers
When the deleterious side effects of free radicals on cell constituents were first linked to
aging and aging-related diseases, it was proposed that this was due to accumulation of
oxidative damage (Harman, 1956). This was validated experimentally when it was
discovered that DNA and protein damage increase with age in vertebrates and
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invertebrates (Agarwal and Sohal, 1994a, 1996; Sohal et al., 1994). Damage by ROS is
particularly predominant in post-mitotic tissues as damaged cells or sub-cellular
organelles cannot be replaced by mitosis (Barja, 2004).

1.4.4.1 DNA damage
ROS attack and damage DNA, proteins and lipids, especially at the mitochondrial level.
Mitochondrial DNA has been shown to have higher relative oxidative damage than
nuclear DNA (Agarwal and Sohal, 1994b; Sohal et al., 1994), with suggestion that
mitochondrial DNA is 10-20 times more vulnerable to oxidative damage than nuclear
DNA (Richter et al., 1988). The susceptibility of mitochondrial DNA to oxidative
damage might be exacerbated by the absence of histones, which leaves it less protected,
but the higher measured damage may also result from lower repair or removal rates
(Richter et al., 1988; Wei and Lee, 2002). The hydroxyl radical is thought to be the
main ROS causing oxidative DNA damage and does so by forming singlestrand/double-strand breaks, cross-links, chromosomal aberrations and sister chromatid
exchanges (Hanimoglu et al., 2007). Approximately 20 DNA damage products are
known (Dizdaroglu, 1985; Fraga et al., 1990; Halliwell and Aruoma, 1991) with 8hydroxy-2-deoxy-guanosine (8-OHdG) being the major oxidised base and therefore a
good oxidative stress biomarker (Bjelland and Seeberg, 2003; Dizdaroglu, 1985).

There are various ways to measure 8-OHdG, with the most common techniques being
GC-MS, HPLC, enzymatic detection (EIA) or ELISAs (Barja and Herrero, 2000;
Collins, 2005; Hanimoglu et al., 2007). Depending on the method used 8-OH-dG levels
can vary up to 1000-fold (Collins, 2005), making it very hard to measure or estimate
„real‟ rates of DNA damage. This is mainly due to DNA oxidation occurring during the
process of sample preparation (ESCODD, 2002).

Mitochondrial 8-OHdG levels were shown to increase with age in both invertebrates
(Agarwal and Sohal, 1994b) and vertebrates (Fraga et al., 1990; Sohal et al., 1994),
whereas an age-associated increase in nuclear DNA damage is still debated (Gredilla et
al., 2001; Lopez-Torres et al., 2002; Zhang et al., 2010). Furthermore, Herrero and
Barja (1999) measured 8-OHdG levels in heart and brain of different mammals and
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birds that had extreme differences in longevity (with the birds being longer-living).
DNA damage, especially in mitochondrial DNA, was lower in the bird tissues (Herrero
and Barja, 1999). The importance of antioxidants as protectors of DNA (and other
cellular structures) against damage by ROS is highlighted by the inverse relationship
between the total antioxidant capacity of a tissue and its 8-OHdG levels (Hanimoglu et
al., 2007). Although several studies point towards the importance of DNA damage in
aging and the restriction of MLSP, its actual influence is still debated (Buffenstein et al.,
2008). For example, doubts about the role of oxidative damage in the determination of a
species‟ maximum lifespan come from comparisons of naked mole-rats (the longestliving rodent with an MLSP > 28y) with similar-sized mice (MLSP 5y). Naked molerats exhibit higher levels of DNA oxidative damage in comparison to mice (Andziak et
al., 2006).

1.4.4.2 Protein damage
Besides nucleic acids, proteins are also susceptible to oxidative damage and, whereas
DNA damage occurs mainly through the attack of primary ROS (mainly hydroxyl
radicals), protein modifications are introduced through the attack of primary and
secondary ROS (Berlett and Stadtman, 1997). A typical protein modification commonly
used as an oxidative stress biomarker are protein carbonyls as they can be easily
determined in a variety of tissues and have been shown to increase with age (Agarwal
and Sohal, 1994a; Aydin et al., 2010; Berlett and Stadtman, 1997; Portero-Otin et al.,
2004). Carbonyls can be introduced into proteins either through direct oxidation
(through primary ROS), via reactions with lipid peroxidation products (4-hydroxy-2nonenal, malondialdehyde), or in glycation and glycoxidation reactions (Berlett and
Stadtman, 1997; Cordis et al., 1998; Valavanidis et al., 2009). Although protein
carbonyls are the most common biomarker of oxidative protein damage, not all
modifications in proteins lead to the formation of carbonyl groups. Single amino acids
can be oxidatively modified in several ways leading to the formation of alpha-keto
acids, dimerization and cross-links (Bourdon and Blache, 2001). Amino acids which are
most likely to be attacked are methionine and cysteine as they contain sulfhydryl (-SH)
groups (Bourdon and Blache, 2001; Moskovitz et al., 2001). The modification of
methionine does not produce a carbonylated product, instead forming methionine
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sulfoxide (Brot and Weissbach, 1991). In proteins containing several -SH groups,
oxidative stress could lead to disulfide formation and cross-links within a protein.
Cross-links can also occur between proteins or between proteins and low-molecular
weight molecules like glutathione (Stadtman, 1993; Thomas et al., 1995). The crosslinks are reversible when reductants like reduced glutathione are available. These
modifications may happen at intra- or intermolecular level. Modifying only single
amino acids in proteins experimentally, it could be shown that these proteins are readily
attacked by proteases. In biological systems it is, however, more likely that proteins are
attacked by products of lipid and carbohydrate oxidation, leading to the formation of
more complex modifications (Negre-Salvayre et al., 2008). These modified proteins are
not easily degraded causing an accumulation of damage, especially in long-lived
proteins (for example the structure proteins: collagen or lens proteins) (Boscia et al.,
2000; Henrotin et al., 2009).

In previous studies, several protein damage biomarkers have been determined in a
longevity- or aging-related approach. Increased protein carbonyl content, a loss of
sulfhydryl-groups as well as an activity loss in proteins highly prone to oxidative attack,
was shown to increase with age in both vertebrates (Jana et al., 2002; Sivonova et al.,
2006) and invertebrates (Agarwal and Sohal, 1994a; Sohal et al., 1993). In mouse and
rat plasma, the age-related increase in protein damage is mainly due to two modified
proteins, albumin and transferrin (Jana et al., 2002). This and other studies show that
carbonylation through oxidative stress is a selective process involving only specific
proteins which may be due to the rate of protein turnover or to proteins having
transition-metal binding sites (Yan et al., 1997; Yan and Sohal, 1998a, b). Although all
carbonylated proteins lose their function (Yan et al., 1997), the identity of those
modified proteins is species-dependent. Whereas carbonylation occurs mainly in
albumin and transferrin in mammals, insects have high amounts of oxidatively modified
aconitase (Das et al., 2001) and adenine nucleotide translocase (Yan and Sohal, 1998b),
two important metabolic enzymes. To my knowledge, the identity of modified proteins
in birds hasn‟t been examined. With albumin and transferrin being the major
carbonylated proteins in extracellular fluids of mammals, aging leads to a decrease in
their antioxidant and iron-transport capacities (Bourdon and Blache, 2001; Bourdon et
al., 1999). A reduced iron-binding capacity was shown to lead to an increased
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production of hydroxyl radicals (via the Fenton reaction) and an increase in oxidative
stress. In fact, albumin concentration in plasma is inversely related to mortality risk
(Bourdon and Blache, 2001).

Protein damage has not only been investigated in single-species that differ in age, but
also in two- or multi-species comparative studies. Some of these comparative studies
support the oxidative stress theory by showing lower levels of protein oxidative damage
in the brains of long-living budgerigars and canaries in comparison to short-living mice.
The lower protein damage in the long-living birds is likely to result from a lower
methionine content which was observed in the same species (Pamplona et al., 2005). A
negative correlation between the methionine content and MLSP was also shown for
heart proteins in mammals (Pamplona and Barja, 2006).

Whereas some lifespan-studies indicate lower protein damage in longer-living species
(Pamplona et al., 2005), other studies found either no difference in liver mitochondria of
the long-living pigeon in comparison to the short-living rat (Pamplona et al., 1996) or a
higher protein carbonyl content in skeletal muscle of pigeons in comparison to rats
(Portero-Otin et al., 2004). The high protein damage in the pigeon was accompanied by
a lower proteasome activity, a mechanism that is responsible for the disposal of
damaged proteins within a cell. The high steady-state levels of protein damage in the
pigeon are possibly due to a low disposal rate and not to an overall higher rate of
damage (Portero-Otin et al., 2004). Higher protein damage in a long-living species was
also shown for naked mole-rats. Naked mole-rats exhibit higher levels protein oxidative
damage in comparison to mice, and these differences were evident from a very young
age (Andziak et al., 2006). Despite this disparity between the magnitude of oxidative
damage and maximum lifespan, naked mole-rats were found to have inherently higher
protein stability and increased capacity to degrade oxidised or misfolded proteins
through age-related increases in proteasome activity (Pérez et al., 2009). Although
naked mole-rats appear to have higher protein integrity, their steady-state levels of
protein damage exceed those of mice throughout their whole lifetime. Similarly high
levels of oxidative damage are also apparent in other long-living species, such as bats
(Wilhelm Filho et al., 2007).
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1.4.4.3 Lipid peroxidation
The membrane pacemaker theory of aging emphasizes that species vary in their
membrane fatty acid composition and consequently their susceptibility to oxidative
damage. This modification highlights that a large number of powerful lipid-based ROS
are secondarily produced by the action of primary ROS on membrane lipids (Esterbauer
et al., 1991; Hulbert, 2005). Although DNA and protein damage are likely to be
involved in the aging process, ROS-induced modifications lead to the formation of
harmless non-functional products that can be recycled or degraded. In contrast, lipid
peroxidation propagates a chain reaction producing harmful secondary ROS and might
therefore have a very significant effect on tissue damage and apoptosis. These harmful
secondary lipid-based ROS also are responsible for much of the oxidative damage to
other non-lipid bio-molecules, including proteins (Berlett and Stadtman, 1997), and
lipid peroxidation should therefore not be considered solely as a “damage to lipids”
scenario (Hulbert et al., 2007).
The most reactive primary ROS initiating the lipid peroxidation process are superoxide,
hydroxyl, alkoxyl (RO•) and peroxyl (ROO•) radicals. These radicals are able to abstract
hydrogen atoms from PUFA chains, leading to the formation of initial lipid-based
radicals which, in turn, react with oxygen molecules and form lipid peroxyl radicals
(LOO•). Lipid peroxyl radicals are capable of initiating another cycle of lipid
peroxidation and, during this process, are transformed into lipid hydroperoxides
(LOOH) which are one of the major secondary lipid-based ROS (Halliwell and
Gutteridge, 2007; Hulbert, 2005). A further conversion of lipid hydroperoxides leads to
the formation of a variety of secondary ROS, among others to the formation of
hydrocarbons (ethane and pentane) and aldehydes (malondialdehyde, 4-hydroxynonenal, 4-hydroxy-hexenal) (Figure 1-8). One of the most abundant aldehydes
occurring in tissues and extracellular fluids and, therefore, one of the most common
lipid peroxidation biomarkers is malondialdehyde (MDA) (Onyango and Baba, 2010).
Similar to all other reactive aldehydes resulting from lipid damage, MDA has a much
longer half-life than primary ROS, and because of its uncharged structure the possibility
to migrate through membrane bilayers causing far-reaching damage (Hulbert et al.,
2007). Whereas lipid hydroperoxides are created from all polyunsaturated fatty acids,
ethane and 4-hydroxyhexenal are the main products of the peroxidation of omega-3
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PUFA, pentane and 4-hydroxynonenal result from peroxidation of omega-6
polyunsaturated fatty acids and MDA is the main product from the peroxidation of only
arachidonic acid (Hulbert, 2005; Onyango and Baba, 2010). Due to the variety of lipid
peroxidation products and their derivations, the determination of one oxidative stress
biomarker won‟t give sufficient insight about the actual rates of lipid damage „in vivo‟.

Figure 1-8: The lipid peroxidation process. The abstraction of a hydrogen from a
polyunsaturated fatty acid by a primary ROS (in this example a hydroxyl radical) leads
to the formation of a carbon-radical, and a further oxygen uptake to the formation of a
peroxyl radical. Peroxyl radicals are able to initiate another cycle of lipid peroxidation,
propagating a chain reaction. Typical intermediate and end products are lipid
hydroperoxides, hydrocarbons (ethane/pentane) and aldehydes (4-hydroxynonenal,
malondialdehyde). (taken from Young and McEneny, 2001)

Similar to protein damage as an oxidative stress biomarker, the importance of lipid
peroxidation products as indicators of maximum lifespan and their involvement in aging
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is under debate. Some studies focussing on the change of tissue levels with age
demonstrate an increase in lipid damage in both mammals and birds (Alonso-Alvarez et
al., 2010; Aydin et al., 2010; Palomero et al., 2001), while others some show a decrease
in birds (Lax et al., 1990). Furthermore, when lipid damage is measured in more than
one tissue, it becomes apparent that the accumulation of damaged products is tissuedependent, with almost half of the tissues showing no age-related changes (Lax et al.,
1990; Oxenkrug and Requintina, 2003; Sverko et al., 2002). Studies on extremely longliving species such as the naked mole-rat found high concentrations of
malondialdehyde, even at young age, in comparison to shorter-living mice.
Surprisingly, the same study revealed a decrease in one typical lipid peroxidation
biomarker (isoprostanes) with age (Andziak and Buffenstein, 2006). In contrast, a ratpigeon comparative study (with the pigeon having a 7-fold higher longevity) revealed
higher MDA levels in the shorter-living rat (Pamplona et al., 1999). From these results
it is hard to conclude that aging results from the accumulation of damage, and that the
levels of damage determine an animal‟s lifespan. This lack of consensus stimulates an
ongoing debate about the importance of commonly measured oxidative stress
biomarkers (markers of protein and lipid damage) in the aging process. This highlights
the need to undertake further comparative studies involving less studied taxa such as
birds to get better insights into the mechanisms of the aging process.

1.5 Oxidative stress in disease and ‘healthy’ aging
In early studies, the importance of oxidative stress in lifespan variation was commonly
examined by genetic alterations of the cellular/mitochondrial antioxidant defence
systems (as described in Chapter 1.4.2 and reviewed in Salmon et al. 2010). Using
transgenic murine model systems, it was discovered that overexpressing single or
multiple antioxidants diminished the accumulation of oxidative damage and improved
the resistance to oxidative stress, but had little effect on maximum lifespan extension
and aging (Perez et al. 2009a, 2009b). However, aging is a progressive process that
affects multiple organs, tissues and cell types and leads to the decline in their
physiological function. Whereas in most studies improvement in antioxidant protection
had no effect on maximum lifespan, it significantly improved average lifespan, pointing
towards the importance of oxidative stress in disease progression. Oxidative stress was
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shown to be important in the progression of several pathologies, such as cardiovascular
disease, insulin resistance and diabetes (Van Remmen et al. 2003; Hoehn et al. 2009).
Decreased levels of ROS production/oxidative stress were shown to be associated with
a retarded disease progression, whereas elevated oxidative stress increased disease
severity and caused premature death (Neumann et al. 2003; Elchuri et al. 2005). These
observations might mean that oxidative stress plays only a minor role in the
determination of maximum lifespan, but a major role in disease progression and health
span, with decreased oxidative stress (e.g. by increasing antioxidant protection)
improving „healthy‟ aging (Salmon et al. 2010).

1.6 The Rat-Pigeon comparison
Although the average mammal-bird difference is two-fold, it can be much greater for
some individual comparisons. The most common mammal-bird comparison in the
scientific literature is the rat-pigeon comparison. The rat is recorded to live for a
maximum of 5 years, while the similar-sized pigeon is documented to have a maximum
lifespan of 35 years (both from the AnAge database: genomics.senescence.info). This
represents a seven-fold difference in maximum longevity and has the potential to give
considerable insight into the processes that determine longevity in mammals and birds.
Importantly, this is many times the longevity difference generally achieved either by
genetic manipulation or environmental manipulation (such as dietary restriction).

The bird-mammal longevity difference was at first surprising as (i) the "rate of living"
of birds (i.e. their metabolic rate) is generally higher than that of mammals of the same
size and, (ii) birds usually have much higher resting body temperatures than mammals.
Indeed, pigeons have both a higher body temperature than rats (41-42oC vs 37-38oC)
and a basal metabolic rate slightly greater than rats (Brand et al., 1991; Lasiewski and
Dawson, 1967).

I have found 15 reports in the literature where aspects of the oxidative stress theory
have been reported for both rats and pigeons in the same study (for a summary and
references of these reports see Table 1-2). Fifty-three per cent of these compare
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antioxidants, 40% compare mitochondrial ROS production, 40% compare oxidative
damage, while 20% compare membrane fatty acid composition. Table 1-2 highlights
that, although rat-pigeon comparative studies were carried out repeatedly in the past, a
large knowledge gap still exists, especially in the comparison of ROS production in
other tissues than heart, but also in the comparison of membrane fatty acid composition
and oxidative damage. To my knowledge the earliest comparison of rats and pigeons in
the same study was that of Matkovics et al. (1977) which determined the activity of
antioxidant enzyme systems in a large number of tissues. It showed that the activity (per
g tissue) of superoxide dismutase and peroxidase was much greater (2-fold on average)
in pigeon than in rat tissues, while catalase activity was much less in pigeons compared
to rats (pigeon values were <10% rat values). Two groups (the Barja group in Spain and
the Sohal group in the U.S.A.) were responsible for a number of seminal rat-pigeon
comparative studies in the early 1990s. In some of these studies they compared
antioxidants in a similar manner to Matkovics, their results agreed with these previous
findings in some tissues, but not in others (Barja et al., 1994a; Ku and Sohal, 1993).
Similarly, more recent rat-pigeon antioxidant studies report a variety of contradictory
results (Lambert et al., 2007; Sasaki et al., 2008).
Following this earlier rat-pigeon antioxidant research, several studies compared the ‘in
vitro’ production of ROS (superoxide and hydrogen peroxide) by isolated pigeon and
rat cardiac mitochondria and demonstrated that those from the shorter-living rat have
higher rates of superoxide and H2O2 formation than pigeon heart mitochondria when
succinate was provided, but not with pyruvate as the substrate (Barja et al., 1994b;
Lambert et al., 2007; Lambert et al., 2010). I found only one study where a higher ROS
production in rat heart mitochondria was also found when pyruvate was used as a
substrate (Herrero and Barja, 1997).

50

Table 1-2: Summary of previous comparisons of oxidative stress parameters in both rats and pigeons

Numbers in brackets refer to previous rat-pigeon comparisons: (1) Ku and Sohal (1993), (2) Matkovics et al. (1977), (3) Agarwal and
Sohal (1996), (4) Herrero and Barja (1997), (5) St-Pierre et al. (2002) (6) Lambert et al. (2010), (7) Lambert et al. (2007), (8)
Pamplona et al. (1999), (9) Portero-Otin et al. (2004), (10) Barja et al. (1994a), (11) Lopez-Torres et al. (1993) (12) Pamplona et al.
(1996), (13) Sasaki et al. (2008), (14) Barja et al. (1994b), (15) Perez-Campo et al. (1998)
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In rats and pigeons, mitochondrial ROS production has been measured either in separate
studies or as a comparative approach, by many different laboratories. These previous
studies concentrated mainly on cardiac mitochondria and the comparison of the results
of these studies reveals up to 40-fold differences in their estimates of ROS formation
rates (Figure 1-9). This makes it difficult to accurately predict the actual potential of the
mitochondrial respiration chain to produce superoxide.

Figure 1-9: Summary of the range of ROS production in rat (black bars) and pigeon
(grey bars) cardiac mitochondria determined in previous single species or comparative
studies, using (A) pyruvate (+malate) or (B) succinate as substrates for the respiration
chain. The numbers above the bars refer to previous studies: (1) Staniek and Nohl
(2000), (2) St.Pierre et al. (2002), (3) Gredilla et al. (2001), (4) Herrero and Barja
(1997), (5) Santiago et al. (2008), (6) Kashnareva et al. (2002), (7) Hansford et al.
(1997), (8) Lambert et al. (2010), (9) Lambert et al. (2007)

The extrapolation of these findings to the common generalization that bird mitochondria
produce less ROS than mammals is, in my opinion, suspect for at least two reasons. The
first reason is that these comparative studies do not take into account the very different
physiology of heart function in rats and pigeons. The second need for caution is whether
inter-specific comparisons of mitochondrial rates “per mg mitochondrial protein” are
physiologically appropriate.

Rats and pigeons are approximately the same body size and have approximately the
same resting metabolic rate. Therefore it is not surprising that they have similar rates of
resting cardiac output. However, this obscures the fact that the rat heart is a “small fast
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pump” compared to the “large slow pump” comprising the pigeon heart. In a resting rat,
the heart operates at 365-410 beats per min and has a stroke volume of 0.2-0.3 ml per
beat (Gleeson et al., 1983; Ishise et al., 1980; Kuwahira et al., 1993). The pigeon has a
much larger heart (~5-fold) that, during resting conditions, operates at 103-143 beats per
min with a stroke volume of 0.8-0.9 ml per beat (Grubb, 1982; Peters et al., 2005). It is
likely that heart mitochondria are affected by this considerable functional difference and
thus the heart may be an inappropriate organ for generalizing mitochondrial ROS
production in pigeons and rats.
Comparison of mitochondrial function on a “per mg mitochondrial protein” is the most
common denominator used in scientific studies and, while it is quite adequate to
examine the effect of a treatment on mitochondria from a specific source, it might be an
inappropriate denominator when comparing mitochondria either from different tissues
or from different species (Hulbert et al., 2006c). The same qualification also holds when
enzyme activities are compared on a “per mg tissue protein” basis because of possible
variation in the relative protein content of different tissues from different species. In my
opinion, a more appropriate denominator for my current comparison is to express
mitochondrial ROS production on a “per g tissue” (or where possible on a “per whole
tissue” basis).

There are fewer studies comparing oxidative damage in rats and pigeons than those
quantifying antioxidants and „in vitro’ mitochondrial ROS production. Some of these
report higher levels of oxidative damage in rats compared to pigeons (Agarwal and
Sohal, 1996; Barja et al., 1994a; Pamplona et al., 1999; Pamplona et al., 1996), some
report no difference (Lopez-Torres et al., 1993), while others report more oxidatively
damaged products in the long-living pigeon (Portero-Otin et al., 2004).

Similarly, there are a few studies comparing membrane fatty acid composition between
rats and pigeons. It has been previously reported, for both heart and liver, that pigeons
have a membrane composition less susceptible to oxidative damage than the equivalent
membrane lipids in rats (Pamplona et al., 1999; Pamplona et al., 1996).
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1.7 The Parrot-Fowl comparison
Aging mechanisms are often explored using mammalian models, most commonly
rodents such as mice and rats. Although commonly used, these mammals might not be
good aging models as they have short maximum lifespans and exhibit a fast rate of
aging (Holmes and Ottinger, 2003). To get closer insights into aging mechanisms, it is
necessary to select animal models that show exceptionally long lifespans and slow
aging rates. Besides bats, bivalves and sturgeons (Galbreath, 1985; Buttemer et al.,
2010), birds are an appropriate model species for this purpose as they have consistently
longer maximum lifespans than mammals (Holmes and Ottinger, 2003; Hulbert et al.,
2007; Lindstedt and Calder, 1976). Small birds, such as the broad-tailed hummingbird
with an average body mass of only 5 g, live up to 10 years under free-living conditions
(Calder, 1990). Furthermore, the onset of aging-related diseases like cardiovascular
disease, diabetes and infertility occurs later and progresses more slowly in birds
compared to mammals (Holmes and Austad, 1995).

In their natural environment, animals rarely experience death from degenerative
processes (i.e. aging) as other causes of death (starvation, disease, and predation)
influence the average lifespan. Although from an evolutionarily perspective the lifespan
of a species is inversely related to its extrinsic mortality rate, I am interested in the
biochemical mechanisms that underpin a species lifespan potential. The maximum
reported age attained by a species is presumed to represent its MLSP, and most of this
information is usually taken from animals kept in protected environments (Lapointe and
Hekimi, 2010). From these longevity records in captivity I know that there is greater
difference between particular groups of mammals and birds of the same body mass than
the average two-fold difference between birds and mammals (except extreme cases such
as the rat and the pigeon). For example, Psittaciformes (parrots) are exceptionally longliving birds with an average MLSP of 25 years (average of 161 parrot species), and with
some species living more than 100 years (Brouwer et al., 2007). Contrary to this,
Galliformes (fowl) are extremely short-living birds (Arnold, 1988). Regression analyses
of maximum lifespans and basal metabolic rates of a large variety of bird species (617
species within 26 avian orders) against their respective body masses produces predictive
equations for each relationship (see Figure 1-1 and Figure 1-10). By taking these
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equations into account, it is possible to estimate the maximum lifespan and BMR of a
bird species (as long as their body mass is known). Interestingly, when this is done for
parrots and fowl and compared to the actual values of BMR and MLSP for each species,
it becomes apparent that, while the metabolic rates are indeed within the estimated
range, parrots live much longer and fowl live much shorter than predicted for their body
mass (Figure 1-10).

Figure 1-10: The relationship of body mass and (A) basal metabolic rate and (B)
maximum lifespan is shown for birds. Fowl (common quail, Gambel‟s quail, ruffed
grouse, California quail, red junglefowl) are highlighted in red and parrots (sulphurcrested cockatoo, long-billed corella, galah, white cockatoo, Port Lincoln ringneck,
rainbow lorikeet, green-cheeked Amazon) are highlighted in blue. Exemplary fowl and
parrot species were chosen when both BMR and lifespan data were available (see
supplement: Tables 1 and 2).

To highlight the extreme longevity difference between fowl and parrots, I calculated the
longevity quotient (LQ) for these two bird orders. The LQ is the ratio between the
actual and the predicted maximum lifespan, with a LQ =1 representing „predicted
MLSP = actual MLSP‟. Whereas the actual maximum lifespan is known for many
parrot and fowl species from observations, I calculated the predicted maximum lifespan
using an allometric equation (lifespan = 19.7 * body mass0.20) which was determined
taking into account MLSP and body mass data for a large variety of bird species
(Hulbert et al. 2007). The calculated LQ values demonstrate clearly that parrots live
much longer and fowl live shorter than predicted for their body size (Figure 1-11). As
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the parrot-fowl comparison represents an extreme difference in maximum lifespan, this
comparison has the potential to give important insights into the mechanisms of aging.

Figure 1-11: Longevity Quotient for parrots and fowl. Parrots live longer and fowl live
shorter than predicted for their body mass. LQ values were calculated with n=33 for
fowl and n=161 for parrots (see supplement: Tables 1 and 2).

Aspects of the oxidative stress theory of aging have been investigated in birds,
sometimes in single-species (e.g. Paskova et al., 2008), or most commonly as a
mammal-bird comparison (Herrero and Barja, 1997; Lambert et al., 2007; Lambert et
al., 2010; St-Pierre et al., 2002). Single-species studies are able to give insights about
the levels of ROS formation, and about the susceptibility and resistance to ROS in the
species examined, however they do not allow for a comparison between studies due to
differences in methodological approaches. Therefore, more extensive comparative
studies are needed to determine if short-living birds do indeed suffer from higher
oxidative stress than longer-living birds. Whereas the rat and the pigeon have been
thoroughly examined, comparative studies between short- and long-living species
within the class aves are very scarce, with only two studies existing that involve
antioxidants (Cohen et al., 2008; Enkvetchakul et al., 1995). Ogburn and colleagues
compared the response of embryonic fibroblast-like cells and adult renal epithelial cells
of budgerigars (MLSP 21 yrs) and Japanese quails (MLSP 6 yrs) to oxidative challenge.
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Cell survival was higher in budgerigars, and the cell survival was higher in all bird
species compared to tissues from mice and humans (Ogburn et al., 1998; Ogburn et al.,
2001). These results suggest that birds, and especially parrots, might have an
exceptional resistance to oxidative damage. However, these comparisons have been
made in vitro and there is no information available about ROS production, and the
susceptibility and resistance to oxidative damage in vivo.
To examine aspects of the oxidative stress theory, I have chosen three parrot and two
fowl species that have a similar body mass, but exhibit a large difference in their
maximum lifespans. Budgerigars (MLSP 21y), lovebirds (MLSP 25y) and cockatiels
(MLSP 35y) have MLSPs that are longer than predicted for their body mass
(budgerigar: LQ=2.1, lovebird: LQ=2.3, cockatiel: LQ=2.9), whereas king quails
(MLSP 5y) and Japanese quails (MLSP 6y) have maximum lifespans that are shorter
than predicted for their body mass (both species: LQ=0.5).
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Chapter 2: Methodology
2.1 Animals and Tissue Sampling
All experiments were approved by the University of Wollongong Animal Ethics
Committee and were conducted in conformity with the NHMRC Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes (Animal Ethics
number: AE 07/05). Six male budgerigars (Melopsittacus undulatus) derived from wildtype native budgerigars were purchased from a bird breeder in Queensland, Australia.
Ten Japanese quails (Coturnix japonica) were purchased from Kyeema Organics,
Windellama, Australia; and were of mixed sex. Eight lovebirds (Agapornis roseicollis),
nine cockatiels (Nymphicus hollandicus), eight king quails (Coturnix chinensis) and
eight pigeons (Columba livia) were from a local breeder (Andrew‟s Pet Shop,
Smithfield, Australia) and were of mixed sex. Six male Wistar rats (Rattus norvegicus)
were purchased from the Australian Resource Centre, Canning Vale, Australia. For
cockatiels MLSP was obtained from http://www.eol.org/pages/1177924, while for king
quails MLSP was from http://www.cyberquail.com/faq.html and for all other species
from the AnAge database (http://genomics.senescence.info/species) (Table 2-1). All
individual parrots and quails were young adults being approximately one year old,
whereas the rats and pigeons were approximately six months old. The five quail and
parrot species were chosen for these experiments as they (1) have maximum lifespans
that are respectively shorter or longer than predicted from their body weights (also see
Chapter 1.6), (2) have similar body weights (king quails versus lovebirds, and Japanese
quails versus cockatiels), (3) were available for purchase in Australia, and (4) were easy
to handle and to hold in a captive environment (especially the parrots used are common
pet species).

All parrots and quails had free access to water and to the same pellet diet (see Table 2-2
for composition) for approximately two months prior to measurement. This diet was
palatable to both parrots and quails and was formulated to provide adequate intake of n3 and n-6 polyunsaturated fatty acids. This common diet was used to ensure that all
measured differences were not attributable to differences in diet. Budgerigars were the
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Table 2-1: Quail and parrot species selected for this study, and their body masses and
maximum lifespan potentials

Pictures are from kolkatabirds.com (Japanese
quails), nzbirdz.co.nz (king quails),
davidkphotography.com (budgerigars), texasboy-thebeautyoflove.blogspot.com (lovebirds) and from
cockatielcare.co.uk
(cockatiels).
For
cockatiels
MLSP
was
obtained
from
http://www.eol.org/pages/1177924,
while
for
king
quails
MLSP
was
from
http://www.cyberquail.com/faq.html and for all other species from the AnAge database
(http://genomics.senescence.info/species). Body masses were measured in this study and are shown as
means ± SEM.
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first species to be measured, and for this species BMR was not measured nor were liver
mitochondria isolated. The BMR value for budgerigars was taken from a previous study
(Weathers and Schoenbaechler, 1976). All other species were housed and measured in
pairs of similar-sized species (king quail-lovebird; Japanese quail-cockatiel) and for
these species-pairs BMR was measured and liver and pectoral muscle mitochondria
were isolated. Both parrots and quails were housed in outdoor aviaries a minimum of 2
months prior to sampling. Rats and pigeons had free access to commercial diets and
water. Rats were kept in a facility maintained at 25oC and pigeons were housed in
outdoor aviaries.

Table 2-2: Composition and fatty acid profile of bird diet.
Ingredients
(g/100g)
Wheat
29.5
Sorghum
30.0
Soybean meal
17.0
Canola meal
14.5
Sunflower oil
3.00
Flax seed
1.50
Olive oil
1.50
Dicalcium phosphate
1.26
Limestone 0.60, salt 0.07, lysine 0.35, methionine 0.25, Trace mineral and vitamin
premix 0.40, xylanase 0.03, vitamin E 0.02, choline chloride 0.01, ethoxyquinin 0.01
Fatty acid composition
(% of total fatty acids)
C 16:0
11.3
C 18:0
3.6
C 18:1
35.1
C 18:2 n-6
41.7
C 18:3 n-3
8.2
SFA
15.0
MUFA
35.1
PUFA
49.9
n-6 PUFA
41.7
n-3 PUFA
8.2

In all parrots and quails, blood was taken once several days prior to euthanasia and used
for the determination of ROS production in erythrocytes (see below). BMR was
measured and the following day birds were euthanized. ROS production in erythrocytes
was not measured in the pigeons nor was the BMR recorded for both rats and pigeons.
Following euthanasia, aliquots of heart, pectoral and leg muscle, liver, kidney and brain
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were taken and immediately frozen in liquid nitrogen for subsequent analyses. Blood
was collected into heparinized vials following cardiac puncture and centrifuged to
extract plasma and erythrocytes, which was then stored in liquid nitrogen for later
analyses. Separate aliquots of heart, pectoral muscle and liver were placed in buffer
solutions for mitochondrial extraction prior to the determination of mitochondrial ROS
production (see below).

2.2 Materials
Amplex

Ultra

Red,

MitoSox

Red

(MR),

Mitotracker

Red

CMXRos

and

Dihydrorhodamine 123 (DHR) were purchased from Invitrogen, Mount Waverley,
Australia. The Quantichrom Glutathione and the Uric Acid Assay Kits were purchased
from BioCore, Alexandria, Australia. The Lipid Hydroperoxide, 8-hydroxy-2-deoxy
Guanosine EIA and the Catalase Assay Kits were purchased from Sapphire Bioscience,
Redfern, Australia. The Wizard SV Genomic DNA Purification Kit was purchased from
Promega, Alexandria, Australia. Black 96-well-plates were purchased from Interpath
Services, Caringbah, Australia. All solvents used for phospholipid extraction were
HPLC grade and from Crown Scientific, Moorebank, Australia. All other Chemicals
were from Sigma, Castle Hill, Australia.

2.3 Whole Animal Metabolic Rate
Whole animal oxygen consumption was determined at least 4 h after the birds had last
fed, in the dark, during the birds‟ rest phase, in 2-L or 5-L respirometer chambers
following procedures used by Buttemer et al. (2008b). Chambers were fitted with a
perch for parrots or provided with paper towels on the lower surface for quail. The
respirometers were placed in an incubator at a constant temperature of 28-30°C, a range
that is thermoneutral for these species. Air was provided to the respirometers at a flow
rate of 500-750 ml/min, depending on the size of birds being sampled, and was
controlled with mass-flow controllers (Tylan Model FC-280S). The exhaust air from
respirometers passed through water and carbon dioxide absorbents (Drierite and soda
lime, respectively) and the oxygen content of inlet and outlet air was analysed with an
oxygen analyser (Oxzilla, Sable Systems International, Las Vegas, USA). The output
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signals from the mass flow controller and the oxygen analyser were recorded on a
computer that was equipped with an A-to-D-converter and custom-designed software
(Warthog Systems, University of California, Riverside, USA). The animals were kept in
the respirometer chambers overnight for at least 12hrs and the oxygen consumption of
the animals was determined during the whole measurement. The minimum metabolic
rate was selected as the minimum continuous oxygen consumption over a 5-minute
period, which occurred at approximately 2-3am at night. The basal metabolic rate for
Budgerigars was taken from Weathers and Schoenbaechler (1976).

2.4 Flow Cytometry
ROS formation in erythrocytes was measured by flow cytometry using dyes which upon
oxidation exhibit fluorescence. The fluorescence output was determined after a 30 min
incubation period. The fluorescence output represents the magnitude of ROS (in
arbitrary fluorescence units) produced over the 30 min period and not a production rate.
Dihydrorhodamine 123 (DHR) was used to detect hydroxyl radicals and peroxynitrate
(Guo et al., 2008), whereas superoxide was measured with MitoSox Red (Olsson et al.,
2009) and the membrane potential was determined using Mitotracker Red CMXRos
(CMX) (Pendergrass et al., 2004).

Fresh blood was diluted 1:10 in phosphate buffered saline (PBS; 138mM NaCl, 2.7mM
KCl, pH 7.4 at 25°C). In a washing step, the blood was further diluted to a final volume
of 15ml and centrifuged (1800rpm for 5min) to pellet the cells. The pellet was
resuspended in PBS containing one of the following:
(1) no additions (unstained control),
(2) 100uM dihydrorhodamine 123 (DHR)
(3) 5 μM MitoSOX Red, or
(4) 0.1uM Mitotracker Red CMXRos (CMX).
DHR, MitoSOX Red and CMX were added from stock solutions in dimethyl sulfoxide
(DMSO) with the final concentration of DMSO being less than 0.2% (v/v). The cells
were incubated at 41°C for 30min in the dark, PBS added to a final volume of 15ml and
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the samples centrifuged (1800rpm for 5min). The pellets were resuspended in PBS and
transferred into flow cytometer tubes. The flow cytometer (Becton Dickinson LSR II,
excitation at 488nm, emitted fluorescence was collected using bandpass filters of 515 ±
10 nm (DHR), 575 ± 13 nm (MitoSox Red and Mitotracker Red CMXRos) and 695 ±20
nm (Propidium iodide)) acquired 30.000 events for all samples. Propidium iodide
(1mg/ml) was added to each sample before the reading which is excluded in viable
cells, but penetrates the cell membrane of dying or dead cells. Dead cells were excluded
from the analysis. Data were analysed using FlowJo Software (Tree Star, Ashland,
USA). The arithmetic mean of the fluorescence values of all 30.000 counted events was
determined and used to compare the ROS production between species. The readings for
the unstained controls were subtracted from the stained samples. The results for ROS
production in erythrocytes are shown in arbitrary fluorescent units.

2.5 Isolation of mitochondria
Mitochondria were isolated alternately from a quail or a parrot (or from a pigeon or a
rat) to minimize possible day-by-day variability in the quality of mitochondrial
preparations. All mitochondria were isolated by differential centrifugation as described
previously (Trzcionka et al., 2008).

For pectoral muscle and heart mitochondria, the tissue was finely diced in CP-1 medium
(100mM KCl, 50mM Tris/HCl, pH 7.4, and 2mM EGTA), digested on ice for 3 min in
CP-2 medium [CP-1, to which was added 0.5% (w/v) BSA, 5 mM MgCl2, 1mM ATP
and 2.45 unitsml–1 Protease Type VIII (Sigma P 5380)] and homogenized 10 times
using a dounce homogenizer. The homogenate was transferred to a temperaturecontrolled centrifuge and spun for 10 min at 500g and 4°C. The resulting supernatant
was subjected to a high-speed spin cycle (10 600g, 10 min, 4°C) and the pellet was
resuspended in CP-1. The high-speed spin cycle was repeated and the resuspension
finally centrifuged for 10 min at 3800g and 4°C. The final pellet was resuspended in a
minimum volume of CP-1 buffer.

For the isolation of liver mitochondria, the liver was removed, immediately placed in
ice-cold STE buffer (250mM sucrose, 5mM Tris/HCl, pH 7.4, and 2mM EGTA),
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minced with scissors and disrupted eight times with a dounce homogenizer. The
homogenate was spun for 3 min at 1000g and 4°C, and the supernatant centrifuged for
10 min at 10600g and 4°C. The high-speed spin cycle was repeated twice and the final
pellet resuspended in a minimal volume of isolation medium.
The protein concentration of mitochondrial suspensions was determined by the Biuret
method using BSA as standard (Gornall et al., 1949).

2.6 Mitochondrial Respiration
Mitochondrial oxygen consumption was determined as described previously (Trzcionka
et al., 2008). Oxygen consumption was measured using a Clarke-type electrode (Rank
Brothers Ltd, Cambridge, UK) maintained at 37°C for the rats and at 41°C for the birds
and calibrated with air-saturated medium [120mM KCl, 5mM K2HPO4, 3mM Hepes,
1mM EGTA, 0.3% (w/v) defatted BSA, 7μM rotenone (to inhibit complex I of the
respiratory chain), adjusted to pH 7.2], which was assumed to contain 406/381 nmol
oxygen/ml, respectively (Reynafarje et al., 1985). Mitochondria were resuspended to a
concentration of 1 mg protein/ml (liver and heart) and 2 mg protein/ml (muscle) in the
assay medium. Mitochondrial respiration was started by adding 5 mM succinate (state 2
respiration). The respiratory control ratio (RCR), determined by dividing state 3
respiration (addition of 800μM ADP to achieve maximum oxygen consumption) by
state 4 respiration (addition of 5μg/ml oligomycin, which inhibits the F1Fo-ATP
synthase and prevents ATP synthesis), was measured to ascertain the functional
integrity of the mitochondria.

2.7 Mitochondrial primary ROS production
ROS production in isolated heart, pectoral muscle and liver mitochondria was
determined by monitoring the oxidation of homovanillic acid (HVA; in all animals) or
Amplex Ultra Red (only in the rats and pigeons) as described previously (Lambert et al.,
2007; St-Pierre et al., 2002). The principle of this method is that superoxides produced
during mitochondrial respiration are converted to hydrogen peroxide (H2O2) by both
endogenous superoxide dismutase and additional superoxide dismutase added to the
assay medium. The subsequent rate of H2O2 production is then measured by using
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excess horseradish peroxidase which reduces the extra-mitochondrial H2O2, in turn
oxidising a substrate that produces a fluorescent product (Figure 2-1). Early
methodological approaches, developed by the Barja group (2002) used HVA as source
for the fluorescent product, which shows a high background fluorescence and low
sensitivity. Later studies used Amplex Red and Amplex Ultra Red (the second
generation of Amplex Red) which show a higher sensitivity, a brighter fluorescence and
lower background signals (Lambert et al., 2007). I used both HVA and Amplex Ultra
Red (in separate mitochondrial assays) in the rat-pigeon comparison to determine
whether results are reproducible with both substrates.

Figure 2-1: Simplified diagram of the principles of the Barja method for the detection
of superoxide and hydrogen peroxide production by isolated mitochondria.

H2O2 was detected using a BMG Labtech FLUOstar OPTIMA fluorescence plate
reader. Rat and bird mitochondria were incubated at 0.5 mg/ml at 37°C or 41°C,
respectively, in assay medium (120mM KCl, 3mM Hepes, 1mM EGTA, 0.3% BSA, pH
7.2 at 37°C or 41°C, respectively) containing horseradish peroxidase (HRP, One
pyrogallol unit will form 1.0 mg purpurogallin from pyrogallol in 20 sec at pH 6.0 at 20
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°C) (Rat-Pigeon: 6u/ml; Fowl-Parrots: 16u/ml), superoxide dismutase (SOD, One unit
will inhibit the reduction of cytochrome c by 50% in a coupled system with xanthine
oxidase at pH 7.8 at 25 °C in a 3.0 ml reaction volume) (Rat-Pigeon: 30u/ml; FowlParrots: 60u/ml), and Amplex Ultra Red or HVA (0.1mM and 0.2mM, respectively).

Mitochondrial ROS production in the rat-pigeon comparison was determined under
three different conditions: (1) at state 2 (no inhibitors), (2) at state 4 (addition of
Oligomycin, 1ug/ml, inhibits the F1Fo-ATP synthase and prevents ATP synthesis), and
(3) at state 4 with the addition of Rotenone (2uM). Rotenone inhibits complex I of the
respiration chain and prevents a backflow of electrons in succinate-supplemented
mitochondria. Mitochondrial ROS production in the fowl-parrot comparison was
determined under two conditions: (1) at state 2 (no inhibitors) and (2) at state 2 with the
addition of Antimycin (10uM, inhibits center i of complex III of the respiration chain).
After a five minute incubation period at 37°C or 41°C inside the plate reader, ROS
production was started by injecting (using onboard injectors) a substrate for the
mitochondrial respiration chain: either Pyruvate and Malate (both 2.5mM) or Succinate
(5mM). ROS production, observable as a linear increase in fluorescence, was monitored
for 10 minutes (Amplex Ultra Red) or 30 minutes (HVA).

2.7.1 Calibrations and Corrections
The use of HVA and Amplex Ultra Red requires careful calibration and control for
background fluorescence and fluorescent quenching, and calibrations and corrections
for mitochondrial quenching and background fluorescence were carried out as described
elsewhere (St-Pierre et al., 2002). Calibration curves were obtained by repeated
injections of known amounts of H2O2 (up to 3uM) into the assay medium containing
HRP and SOD. Calibrations were undertaken in the absence and presence of
mitochondria to determine whether any mitochondrial components interfered with the
assay. Mitochondria had no effect on the calibration using Amplex Ultra Red, but
quenched the fluorescence using HVA; the slopes with liver, heart and pectoral muscle
mitochondria were on average 72, 86 and 86% in rats and 73, 95 and 91% in birds,
respectively, of the slope of the control curve without mitochondria (Figure 2-2).
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Whereas with Amplex Ultra Red, the calibration curves showed a plateau phase after
the addition of more than 2uM H2O2, with HVA the standard curves remained linear in
the range examined (up to 3uM). As mitochondria produced primary ROS in very low
concentrations, the linear range of all standard curves was used to determine the rates of
mitochondrial ROS production.

Appropriate fluorophor concentrations were determined through a stepwise calibration
of the plate reader using known quantities of H2O2. Horseradish peroxidase and
superoxide dismutase were used in excess as a further addition of either enzyme did not
affect the results. Further control measurements were carried out in the absence of

Figure 2-2: Standard curves for hydrogen peroxide in rats and pigeons in the presence
and absence of mitochondria. Small quantities of H2O2 (0.25-3uM) were added to the
assay medium containing heart, pectoral muscle or liver mitochondria and either
Amplex Ultra Red (A,B) or HVA (C,D). Each data point represents the average of 8
measurements.
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mitochondria, HVA or Amplex Ultra Red. With Amplex Ultra Red in the absence of
mitochondria, fluorescence signals remained constant (slope of zero). With HVA in the
absence of mitochondria, control measurements led to a slight linear increase or
decrease in fluorescence. If an increase or decrease was observed was dependent on the
absence or presence of inhibitors. The final rates of primary ROS (superoxide and
hydrogen peroxide) production, as shown in the results section, have been fully
corrected by subtracting background rates associated with control measurements.

2.8 Free Radical Leak
Production of primary ROS (in the absence and presence of rotenone) and state 2 or
state 4 respiration rates (state 4 in rats and pigeons, state 2 in all other bird species) of
succinate-supplemented mitochondria were used to calculate the percentage of electrons
which leak out of sequence producing superoxides and subsequently hydrogen peroxide
in succinate-supplemented mitochondria (Brown et al., 2009). Whereas two electrons
are needed for the reduction of 1 mol of O2 to H2O2, four electrons are transferred in the
reduction of 1 mol of O2 to water. Therefore, the percent free radical leak was calculated
as the rate of H2O2 production divided by twice the rate of oxygen consumption, and the
result was multiplied by 100 (Gredilla et al., 2001):

Values for primary ROS production and oxygen consumption expressed “per mg of
mitochondrial protein” were used to calculate the FRL.

2.9 Antioxidants
Following euthanasia of all animals, aliquots of heart, pectoral muscle, liver and plasma
were frozen for further antioxidant determinations. Fresh tissues were used to isolate
mitochondria (see section 2.5 Isolation of mitochondria) and sub samples of the
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mitochondrial preparations were frozen for further analysis of mitochondrial antioxidant
concentrations.

2.9.1 Total Antioxidant Status
Total antioxidant status was measured in heart, pectoral muscle, liver and plasma of all
birds and rats. Total antioxidants in plasma were determined using two different assays,
the TAS (total antioxidant status) assay and the FRAP (ferric reducing ability of
plasma) assay, whereas total antioxidants in the other tissues were only measured with
the FRAP assay. As I adapted this method for use in other tissues besides the plasma, I
decided to rename the assay to FRA.

The TAS assay was carried out according to the method described by Erel (Erel, 2004).
The principle of this assay is the reaction of a standardized solution of ferrous-orthodianisidine with a standardized solution of hydrogen peroxide, producing hydroxyl
radicals in a Fenton-type reaction. The hydroxyl radicals oxidise ortho-dianisidine
molecules, leading to a colour change from colourless to yellow-brown. Antioxidants
present in the sample suppress the colour formation.

Briefly, a Clark & Lubs solution (CL) was prepared [75mM KCl and 75mM HCl, (4:1,
v:v)]. 10mM ortho-dianisidine dihydrochloride and 45uM Fe(NH4)2(SO4)2•6H2O were
dissolved in the CL-solution (Reagent 1). Reagent 1 and sample/standard (0.2mM1mM Trolox) were mixed in a 40:1 ratio in a micro cuvette and the absorbance read for
2 minutes at 25°C and 444nm using a temperature-controlled spectrophotometer
(Varian Cary 300). This reading represented the baseline absorbance. Reagent 2
(375uM H2O2) was added to the cuvette and the increase in absorbance was determined
until a plateau was reached. The change in absorbance (plateau – baseline absorbance)
was used to calculate the total antioxidant concentration (Figure 2-3). The suppression
of the colour formation due to antioxidants being present in the sample was calibrated
using Trolox, a vitamin E analogue, and the results are expressed in mM Trolox
equivalents.
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Figure 2-3: Example of TAS assay reaction kinetics.

For the FRA assay, tissues were homogenised in 20 volumes of buffer (100mM
KH2PO4, 1mM EDTA) using an Ultra Turrax (11.000/min, 15sec), whereas plasma was
used directly in the assay. A FRA reagent was prepared by mixing acetate buffer
(300mM, pH 3.6: 3.1 g Na-acetate•3H2O, 16ml glacial acetic acid, with distilled water
to 1liter), TPTZ [(2,4,6-tri(2-pyridyl)s-triazine) 10mM in 40mM HCl, dissolve at 50°C],
FeCl3•6H2O (20mM) and distilled water in a ratio of 10:1:1:1.2. The FRAP reagent
should be straw-coloured. If it was tinged with blue, the reagent was discarded and a
new solution prepared. Measurements were carried out using cuvettes and a
temperature-controlled spectrophotometer (Varian Cary 300) at 37°C. Blanks, standards
and samples were mixed with FRA reagent in a 1:30 ratio. After exactly 4 minutes, the
absorbance was determined at 593nm. The blank reading was subtracted from the
samples and standards. Ferrous sulphate (FeSO4•7H2O) was used as a standard in
concentrations between 0.1mM and 1mM and the results are shown in mM Fe2+.

2.9.2 Superoxide Dismutase
Superoxide dismutase (SOD) content was determined in plasma, tissue homogenates
and in mitochondrial extractions. SOD converts superoxides (O2•-) in the presence of
protons to oxygen and hydrogen peroxide:
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SOD activity was measured as the inhibition of the rate of cytochrome c reduction by
the superoxide radical which can be followed at 550nm:

The superoxide radical was produced enzymatically through the reaction of the xanthine
oxidase (XOD):

Tissues were homogenised in 10 volumes of buffer (210mM mannitol, 70mM sucrose,
20mM Hepes, 1mM EGTA, pH= 7.5 at 25°C) using an Ultra Turrax (11.000/min,
15sec). Homogenates were centrifuged at 1500g and 4°C for 5 min and the supernatant
was used for the assay. Mitochondrial preparations (for mitochondrial isolation see: 2.5
Isolation of mitochondria), tissue homogenates and plasma were diluted 1:500, 1:100
and 1:10, respectively, directly before being used in the assay.
A reaction cocktail was prepared by mixing 11.5 volumes of distilled water, 12.5
volumes of buffer (216mM KH2PO4, pH= 7.8 at 25°C), 0.5 volumes EDTA (10.7mM,
disodium salt, dihydrate), 0.5 volumes cytochrome c (1.1mM) and 25 volumes xanthine
(0.108mM).
265ul of the reaction cocktail was mixed with 10ul blank (distilled water), standard
(SOD from bovine liver: 100u/ml to 6.25u/ml) or diluted sample in a micro cuvette and
the absorbance was recorded at 550nm and 25°C until stable using a temperaturecontrolled spectrophotometer (Varian Cary 300). 25ul of xanthine oxidase (0.05u/ml)
was added to the cuvette to start the reaction and the increase in absorbance was
recorded for 10min. The change in absorbance/min was calculated for each standard and
plotted against SOD concentration. The standard curve was used to determine SOD
concentrations for all plasma (u/ml), tissue and mitochondrial samples (u/mg protein or
u/g tissue).
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2.9.3 Glutathione Peroxidase
Glutathione peroxidase (GPx) content was determined in plasma, tissue homogenates
and in mitochondrial extractions. The principle of the assay is the conversion of reduced
glutathione (GSH) and H2O2 to oxidised glutathione (GSSG) and water by the GPx.
GSSG is reduced back to GSH by the glutathione reductase (GR) through the
simultaneous oxidation of beta-NADPH. Beta-NADPH absorbs light at 340nm. GPx
content is measured indirectly through the decrease in beta-NADPH concentration:

Plasma was used directly for the assay, mitochondria were isolated as described
previously (section 2.5 Isolation of mitochondria), tissues were homogenised in 10
volumes of buffer (50mM Tris-HCl, 5mM EDTA, 1mM Dithiothreitol, pH=7.5 at 25°C)
using an Ultra Turrax (11.000/min, 15sec), the tissue homogenates were centrifuged for
15 min at 10000g and 4°C and the supernatant was used for the assay. Mitochondrial
preparations, tissue homogenates and plasma were diluted 1:50, 1:50 and 1:5,
respectively, directly before being used in the assay.
A reaction cocktail was mixed by adding 9.2ml azide buffer (50mM NaH2PO4, 0.4mM
EDTA, pH=7.0 at 25°C, 1mM Na-azide), 100ul GR (100u/ml) and 50ul GSH (200mM)
into a 1mg beta-NADPH vial. 250ul of the reaction cocktail was mixed with 5ul blank
(distilled water), diluted standard or sample in a micro cuvette and the absorbance read
at 340nm and 25°C until stable using a temperature-controlled spectrophotometer
(Varian Cary 300). 5ul of hydrogen peroxide (0.042% (v/v) H2O2) was added to the
cuvette to start the reaction. The decrease in absorbance was monitored for 5min. GPx
standards (5u/ml to 0.625u/ml) were diluted in buffer (10mM NaH2PO4, 1mM DTT,
pH= 7.0 at 25°C). The change in absorbance/min was calculated for each standard and
plotted against GPx concentration. The standard curve was used to determine GPx
concentrations for all plasma (u/ml), tissue and mitochondrial samples (u/mg protein or
u/g tissue).
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2.9.4 Catalase
Catalase is involved in the decomposition of hydrogen peroxide to molecular oxygen
and water. Besides its catalytic activity, catalase also exhibits a peroxidatic activity
where low molecular weight alcohols (AH2) serve as electron donors:

The catalase assay kit from Cayman chemicals (Sapphire Bioscience, Redfern,
Australia), which was used in this study, takes advantage of the enzyme‟s peroxidatic
activity. The principle of the assay is the reaction of catalase with methanol and
hydrogen peroxide producing a formaldehyde which can be measured colorimetrically
through the reaction with 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (Purpald).
Catalase concentrations were determined in plasma, liver and heart of all animals.
Plasma was used directly for the assay, whereas tissues were homogenised in 4 volumes
of buffer (50mM KH2PO4, 1mM EDTA, pH=6.7) using an Ultra Turrax (11.000/min,
15sec). Tissue homogenates were centrifuged for 15 min at 10000g and 4°C, and the
supernatant was used for the assay. For a detailed description of the Catalase assay kit,
please refer to the Cayman chemical booklet (Supplement: Kit Booklet 1).

2.9.5 Reduced Glutathione
Reduced glutathione (GSH) levels were determined in blood, heart and liver of all
animals using a commercially available kit (QuantiChromTM Glutathione Assay Kit,
Bioassay Systems). Tissues were homogenised in 4 volumes of buffer (50mM KH2PO4,
1mM EDTA, pH=6.7) using an Ultra Turrax (11.000/min, 15sec). Tissue homogenates
were centrifuged for 15 min at 10 000g and 4°C, and the supernatant was used for the
assay. The principle of the assay is the reaction of 5,5'-dithiobis-2-nitrobenzoic acid
with GSH forming a yellow complex. The colour intensity, determined at 412nm, is
directly proportional to the GSH concentration in the sample. For a more detailed kit
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and procedure description, please refer to the Bioassays kit booklet (Supplement: Kit
Booklet 2).

2.9.6 Uric Acid
Uric acid is one of the waste products produced from the degradation of purines and
excreted into the urine. Therefore, urine is the most common body fluid to determine
uric acid concentrations. As birds have a cloaca and combine urine and faeces, plasma is
a more appropriate body fluid when working with birds.

Plasma uric acid levels were determined in all animals using a commercially available
kit (QuantiChromTM Uric Acid Assay Kit, Bioassay Systems). The principle of the
assay is the formation of a blue-coloured complex between 2,4,6-tripyridyl-s-triazine
and iron in the presence of uric acid. The light absorption of the blue colour, which can
be measured at 590nm, is directly proportional to the uric acid concentration in the
sample. For more detailed information about the kit, please refer to the Bioassays kit
booklet (Supplement: Kit Booklet 3).

2.10 Fatty Acid extraction
Membrane fatty acid composition was determined in whole tissues (liver, heart, pectoral
muscle, leg muscle, kidney, brain and erythrocytes) as well as in isolated mitochondria
from liver, heart and pectoral muscle. In the majority of samples, mitochondria were
isolated using fresh tissue. For some samples, mitochondria were isolated from frozen
tissues. To determine if the freezing process and the freezing period had an effect on
mitochondrial membrane fatty acid composition, liver and pectoral muscle
mitochondria were isolated from fresh and frozen tissues of the same five pigeons (n=5)
and the membrane fatty acid composition compared with each other (Table 2-3). The
fatty acid composition in both pigeon tissues was very similar in mitochondria isolated
from fresh and frozen samples. I assume that the freezing of tissues in liquid nitrogen
for a period of up to six months has no significant effects on mitochondrial isolation and
mitochondrial membrane fatty acid composition in any species used in this study.
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Table 2-3: Fatty acid composition (mol %) of liver and pectoral muscle mitochondrial
phospholipids from pigeons using fresh and frozen tissues for mitochondrial isolation
(mean values with their standard errors, n=5). Significant (p<0.05) differences between
fresh and frozen mitochondria are highlighted with an asterisk.

Liver
Fresh

Pectoral muscle
Frozen

14:0
0.0 ± 0.0
0.4 ± 0.1
16:0
9.4 ± 2.7
10.3 ± 2.1
18:0
27.5 ± 1.7
26.8 ± 1.4
16:1 n-7
0.5 ± 0.1
0.7 ± 0.1
18:1 n-9
11.1 ± 1.1
10.8 ± 1.4
18:1 n-7
1.9 ± 0.1
2.4 ± 0.3
18:2 n-6
29.2 ± 1.9
27.4 ± 1.4
20:3 n-6
0.7 ± 0.1
0.7 ± 0.3
20:4 n-6
13.1 ± 0.4
13.0 ± 1.4
22:4 n-6
0.5 ± 0.1
0.7 ± 0.0
22:5 n-6
0.3 ± 0.1
0.4 ± 0.1
18:3 n-3
0.3 ± 0.1
0.2 ± 0.1
20:5 n-3
0.4 ± 0.1
0.4 ± 0.1
22:5 n-3
0.6 ± 0.1
0.7 ± 0.1
22:6 n-3
2.3 ± 0.6
2.3 ± 0.6
% SFA
37.7 ± 1.1
39.0 ± 1.6
% MUFA
14.1 ± 1.2
14.7 ± 2.0
% PUFA
48.2 ± 1.9
36.3 ± 1.1
% n-6
44.2 ± 2.2
42.4 ± 1.5
% n-3
3.7 ± 0.4
3.6 ± 0.4
PI
113.7 ± 3.2 112.7 ± 2.7
All values are expressed as means ± SEM.

*

Fresh

Frozen

0.0 ± 0.0
9.0 ± 0.4
26.4 ± 0.6
0.4 ± 0.1
4.9 ± 0.5
2.4 ± 0.3
28.0 ± 0.8
0.3 ± 0.0
21.6 ± 0.3
0.5 ± 0.0
0.3 ± 0.0
0.3 ± 0.0
0.4 ± 0.0
1.9 ± 0.1
1.2 ± 0.3
36.1 ± 0.7
8.6 ± 0.6
55.2 ± 0.8
51.0 ± 0.9
3.9 ± 0.5
144.8 ± 2.3

0.1 ± 0.0 *
8.8 ± 0.3
25.5 ± 0.3
0.4 ± 0.0
5.1 ± 0.2
2.6 ± 0.2
31.0 ± 0.5 *
0.3 ± 0.0
18.9 ± 0.6 *
0.7 ± 0.1
0.3 ± 0.1
0.2 ± 0.0
0.5 ± 0.2
2.3 ± 0.1
1.3 ± 0.2
35.1 ± 0.4
8.8 ± 0.3
56.1 ± 0.2
51.4 ± 0.3
4.4 ± 0.3
140.5 ± 2.8

All solvents used were HPLC grade and contained 0.01% (w/v) butylated
hydroxytoluene (BHT). BHT was added to all solvents acting as an antioxidant to
protect against the breakdown of polyunsaturated fatty acids during the fatty acid
extraction. Tissues (0.1-0.2g) and mitochondria were homogenised in 4-5ml of a 2:1
(v/v) chloroform-methanol mixture using a glass/glass homogeniser. This first
extraction step separates protein from fat. The homogenate was transferred to screw cap
Pyrex tubes which were rotated at 4°C for at least four hours (usually overnight). In the
next step, 2ml of a 1M sulphuric acid solution were added to each sample, the tubes
vortexed, and spun for 10 min at 1000rpm to ensure good phase separation. The phases
consisted of a top acid layer, a middle protein plug layer and a bottom chloroform layer
containing the lipids. The chloroform layer was transferred into new Pyrex tubes using
Pasteur pipettes. The sulphuric acid and centrifugation steps were repeated and the
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bottom chloroform layer transferred into clean tubes. A small amount of sodium
hydrosulphite was added to each tube to remove any water. The samples were filtered
into new tubes using a Pasteur pipette which contained a small amount of silane treated
glass wool pushed down into the stem of the pipette. The filtered chloroform phase
contained phospholipids and triglycerides. The extracted lipids were dried down under
nitrogen for 10 to 15 minutes following an addition of 5ml Hexane. Phospholipids were
separated from total lipids using Sep-Pak Classic Silica Cartridges (Waters, Rydalmere,
Australia). The samples were vortexed and poured into the filters. 3ml of hexane was
added to the Pyrex tubes, the tubes vortexed and the liquid added to the same filters to
maximise the yield. While hexane passed through the filter, both phospholipids and
triglycerides got trapped. The addition of 3 times 5ml ethyl acetate eluted triglycerides
while phospholipids remained trapped. As in this study triglycerides were of no interest,
the eluted liquid was discarded. In the next step, phospholipids were eluted into Pyrex
tubes using 3 times 5ml methanol. Again, the Pyrex tubes were dried down under
nitrogen until all methanol was removed, and 2ml of a 4:1 (v/v) methanol-toluene
mixture was added. The phospholipids were transmethylated through the addition of
200ul of acetyl chloride. The lid was enforced with Teflon tape, the sample vortexed
and the tubes heated to 100°C for 1 hour. After a cooling step in ice water, 5ml of a 6%
K2CO3 solution was added to each tube, the tubes vortexed again and centrifuged for
10min at 3000rpm. The upper toluene phase containing the phospholipids was
transferred into GC vials.

The extracted fatty acid methyl esters were measured by gas chromatography
(Shimadzu GC-17A, Rydalmere, Australia) using a Varian WCOT fused silica column
(50m x 0.25mm internal diameter, CP7419, Sydney, Australia) with the following
temperature program: 150°C initial temperature; 17.5°C/min to 170°C; 0.5°C/min to
178°C; 15°C/min to 222°C; 2°C/min to 232°C. Fatty acid composition of tissues and
mitochondria was identified by comparison with an external standard (FAME Mix C4C24; Sigma Aldrich, Sydney, Australia) and expressed as mole percentage of total fatty
acids.
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2.11 Oxidative Stress Biomarkers
Oxidative stress induces modifications to a variety of biological molecules including
nucleic acids, proteins and lipids. Due to the formation of defined damaged products,
oxidative stress levels can be determined through specialized oxidative stress biomarker
assays (Ziech et al., 2010).

2.11.1 DNA damage: 8-hydroxy-2-deoxy-guanosine
ROS, mainly hydroxyl radicals, cause oxidative DNA damage and lead to the formation
of approximately 20 DNA damage products (Dizdaroglu, 1985; Fraga et al., 1990;
Halliwell and Aruoma, 1991) with 8-hydroxy-2-deoxy-guanosine (8-OH-dG) being the
major oxidised base and therefore a good oxidative stress biomarker (Figure 2-4)
(Dizdaroglu, 1985).

Figure 2-4: Oxidation of guanosine, leading to the formation of 8-hydroxy-2-deoxy
Guanosine. Figure taken from the Cayman Chemicals 8-hydroxy-2-deoxy-guanosine
EIA Kit Booklet (Supplement: Kit Booklet 4).
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DNA damage was determined in heart and liver mitochondria using the 8-hydroxy-2deoxy-guanosine (8-OH-dG) EIA Kit from Cayman Chemicals (Sapphire Bioscience,
Redfern, Australia). The EIA kit is a 96-well set up, competitive assay utilizing an
antibody which recognizes both free 8-OH-dG and DNA-incorporated 8-OH-dG and
therefore gives a highly accurate measure as tissue samples contain both forms of the
DNA-damage product. Values determined with the EIA method won‟t coincide with 8OH-dG measured by other research groups using LC-MS where usually only free 8OH-dG is determined. The principle of the assay is the competition of 8-OH-dG in the
sample and an 8-OH-dG-acetylcholinesterase conjugate (8-OH-dG-Tracer) for a limited
number of 8-OH-dG antibodies. The amount of tracer that is able to bind to the
antibodies is inversely proportional to the 8-OH-dG concentration in the sample. The 8OH-dG-Antibody complex binds to a polyclonal anti-mouse IgG which is attached to
the bottom of the wells. A substrate for the acetylcholinesterase (the tracer) is added,
leading to the enzymatic formation of a yellow substrate whose concentration can be
measured spectrophotometrically at 412nm. The colour intensity if proportional to the
amount of tracer bound to the wells and inversely proportional to the amount of 8-OHdG present in the sample. Figure 2-5 summarizes the detection process:

Figure 2-5: Schematic detection process of the 8-OH-dG EIA Kit. Adapted from the
Cayman Chemicals 8-hydroxy-2-deoxy-guanosine EIA Kit Booklet (Supplement: Kit
Booklet 4).
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Briefly, mitochondria were isolated as mentioned above (section 2.5 Isolation of
mitochondria) and mitochondrial DNA was extracted using a commercially available kit
(Wizard SV Genomic DNA Purification System, Promega). DNA concentration was
determined spectrophotometrically at 260nm (an optical density of 1 is in accordance
with a DNA concentration of 50ug/ml at pH=7.0). Mitochondrial DNA was heat
denaturated for 10min at 95°C and afterwards digested for one hour at 50°C using
nuclease P1 (43ng/ug DNA; Sigma-Aldrich N8630). The nuclease was diluted in
acetate buffer (20mM C2H3O2Na•3H2O, 5mM ZnCl2, 50mM NaCl, pH=5.3 at 50°C).
After the digestion step, the pH of each sample was adjusted to 8.0 with 1M Tris and
alkaline phosphatase added (1u/100ug DNA). Alkaline phosphatase removes phosphate
groups from nucleotides preventing the digested DNA to ligate. The mixture was
incubated at 37°C for 30min using a heating block, boiled for 10min and finally placed
on ice. Samples were used directly in the 8-OH-dG assay. Results are expressed in pg 8OH-dG/ug DNA. For more detailed information about the kit, please refer to the
Bioassays kit booklet (Supplement: Kit Booklet 4).

2.11.2 Protein damage: Protein Carbonyls
Typical protein modifications commonly used as an oxidative stress biomarker are
protein carbonyls as they can be easily determined in a variety of tissues. Protein
carbonyl content was determined in plasma and tissue homogenates (heart, pectoral
muscle and liver) through the formation of a Schiff base between the carbonyl groups
and 2,4-Dinitrophenylhydrazine (DNPH). The hydrazone originating from this
interaction absorbs light between 360 and 385nm (Figure 2-6).

Figure 2-6: Detection of protein carbonyls using DNPH (2,4-dinitrophenylhydrazine).
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Plasma was used directly for the assay, whereas tissues were homogenised in four
volumes of buffer (50mM KH2PO4, 1mM EDTA, pH=6.7) using an Ultra Turrax
(11.000/min, 15sec). Tissue homogenates were centrifuged for 15 min at 10.000g and
4°C, and the supernatant was used for the assay. To determine the concentration of
nucleic acids present in all samples, which could possibly interfere with the assay,
sample absorbance was measured at 260 and 280nm. If the 280/260 ratio was less than
1, nucleic acids were removed using 1% streptomycin. Plasma and tissue homogenates
were incubated with streptomycin for 15min at room temperature, followed by a
centrifugation step (6000g, 10 min, 4°C).

For each sample, 4 tubes were prepared: 2 sample tubes (ST) and 2 control tubes (CT).
Each tube contained 25ul of sample and 200ul of DNPH (ST) (10mM DNPH in 2.5M
HCl) or 200ul 2.5M HCl (CT). Tubes were incubated in the dark at room temperature
for one hour. 250ul 20% trichloracetic acid was added to each tube, the tubes vortexed,
placed on ice for 5min, and centrifuged for 10 min at 10000g and 4°C. The resulting
pellet was resuspended in 250ul 10% trichloroacetic acid, vortexed, placed on ice for
5min and spun again. The previous step was repeated three times, two times using 250ul
1:1 ethanol-ethyl acetate, and the last time using 350ul guanidine hydrochloride (6M).
After the last centrifugation step, the protein carbonyl-DNPH adducts are dissolved in
the guanidine hydrochloride. 200ul of the supernatant were transferred to a well of a 96well plate and the absorbance read at 370nm.
To determine the protein carbonyl content, the mean absorbance of the control tubes
was subtracted from the mean absorbance of the sample tubes (corrected absorbance =
CA) and the following equation applied:
Protein Carbonyls (nmol/ml) = [(CA)/(0.011 /uM)] (350ul/25ul)
CA: corrected absorbance
0.011/uM: extinction coefficient for DNPH, adjusted for the path length of the solution
in a 96-well plate set-up
350ul: amount of guanidine hydrochloride used to dissolve protein carbonyl-DNPH
adducts
25ul: amount sample used in assay.
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2.11.3 Lipid damage: Lipid Hydroperoxides
Lipid hydroperoxides are intermediate products of lipid peroxidation created from all
polyunsaturated fatty acids. Lipid hydroperoxide levels were determined in plasma and
liver tissue homogenates using a Lipid Hydroperoxide Assay Kit from Cayman
Chemicals (Sapphire Bioscience, Redfern, Australia). The principle of the assay is the
reaction of hydroperoxides (ROOH) with ferrous ions (Fe2+) producing ferric ions
(Fe3+). Ferric ions can thereupon be detected using thiocyanate (SCN-) as a chromogen.
The reactions occurring in this assay are summarized below:

The first step of the assay is the extraction of lipid hydroperoxides into chloroform.
Tissue and plasma samples might contain ferric ions or hydrogen peroxide which reacts
readily with ferrous ions. Both molecules would falsify the results. The extraction of
hydroperoxides into chloroform eliminates the interference. For a detailed description of
the methodology, please refer to the Lipid Hydroperoxide Assay Kit Booklet
(Supplement: Kit Booklet 5).

2.11.4 Lipid damage: TBARS
The TBARS assay (thiobarbituric reactive substances) is used to measure
malondialdehyde (MDA), a major end product of lipid peroxidation. The principle of
this assay is the formation of an MDA-thiobarbituric acid (TBA) adduct at high
temperatures and under acidic conditions which absorbs light between 530 and 540nm
(Figure 2-7).
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Figure 2-7: Adduct formation of malondialdehyde (MDA) and thiobarbituric acid
(TBA) during the TBARS assay.

TBARS were determined in plasma, liver, heart and pectoral muscle. Tissues were
homogenised in 20 volumes of buffer (100mM KH2PO4, 1mM EDTA) using an Ultra
Turrax (11.000/min, 15sec), whereas plasma was used directly for the assay. 50ul
standard (6.25 - 100uM tetramethoxypropane), plasma or tissue homogenate were
mixed with 25ul butylated hydroxytoluene (BHT, 3mM, prepared in ethanol) to prevent
peroxidation. 500ul TBA [0.4% (w/v) in 10% acetic acid solution (v/v), pH 5.0] was
added, the sample vortexed and incubated for one hour at 90°C using a heating block.
TBA reacts with MDA forming a pink complex. The samples were cooled under tab
water and 600ul butanol added to each tube. The tubes were vortexed and centrifuged
for 10min at 7500rpm. The coloured TBA-MDA complex dissolves in the butanol
phase. The butanol phase of each sample was transferred into a well of a 96well-plate
and the absorbance of all standards, blanks and samples was determined at 532nm.

2.12 Statistical Analysis
All results are given as mean ± standard error with n being the number of animals used
in each assay. The significance of differences between two means was assessed using
Student‟s t-test. P-values of < 0.05 were taken to be significant. In the comparison of
more than two species, data analysis was performed using JMP 5.1 (Statistical Analysis
System Institute Inc., Cary, NC, USA). Data were tested for normality using the
Shapiro–Wilk W test and homogeneity of variance using the O‟Brien and Brown–
Forsythe tests. Data not normally distributed were compared using non-parametric
Wilcoxon/Kruskal–Wallis tests and any data showing unequal variance were compared
using a Welch ANOVA. A one-way ANOVA was completed with the bird species as
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the independent variable and each parameter as the dependent variable. Means were
then compared using the Tukey–Kramer honestly significant difference test. When
examining the relation between measured variables and MLSP, I used linear regression
of species means followed by a one-way ANOVA to test for significance of the slope. I
recognise that traits among closely related species cannot be considered to be
statistically independent if phylogenetic signals strongly influence the evolution of
those traits (Felsenstein, 1985), but the oxidative stress theory of aging predicts
convergence of longevity traits at mechanistic levels. Furthermore, by choosing species
from two groups that overlap in size, I have eliminated the known influence of body
mass on MLSP in my comparisons (Ricklefs, 2010; Wasser and Sherman, 2010). All
bird species, except the budgerigars, were of mixed sex. Antioxidant levels and
oxidative stress biomarkers were statistically compared between genders. There was no
effect of gender on any of the measurements so I assume that the effect of gender is
negligible for all birds used in this study.
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PART B

The Bird-Mammal Comparison
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Chapter 3: The long life of birds: the ratpigeon comparison revisited
3.1 Results
This chapter will describe and discuss all results obtained in the rat-pigeon comparison.
As with previous studies on isolated mitochondria, I have measured „in vitro’ ROS
production on a “per mg mitochondrial protein” basis but have also calculated ROS
production on a “per g tissue” basis (as well as on a “per whole tissue” basis for heart
and liver). To allow for a better comparison antioxidant levels and oxidative damage
between rats and pigeons are also expressed on a “per g tissue basis”. Therefore, the
first part of the result section describes the tissue protein content in rats and pigeons,
followed by mitochondrial oxygen consumption and ROS production, antioxidant
defences, membrane fatty acid composition and oxidative damage.

3.1.1 Tissue size and protein content in rats and pigeons
Pigeons have a 7-fold higher maximum lifespan than rats, but a similar body weight and
BMR (the BMR data are taken from two independent studies and might not represent
the actual BMR of the animals used in this study). Pigeons also have a much larger
heart (~5-fold larger), but a smaller liver (~2-fold smaller) than the rat (Table 3-1). As
can be seen from Table 3-1, rats and pigeons also differ in the relative amount of tissue
protein, mitochondrial protein and the percent of tissue protein located in mitochondria.
These differences were determined by measurement of cytochrome c oxidase activity
(COX) and protein content in both tissue homogenate and mitochondrial pellets
obtained from the same homogenate. Knowing, 1) the amount of mitochondrial protein
per unit COX in the pellet, and 2) the COX units per g tissue, it is possible to calculate
the amount of mitochondrial protein per g tissue. Such a calculation involves two
assumptions: 1) that COX is only found in mitochondria and in no other cellular
compartment, and 2) that mitochondria isolated in the pellet are representative of all
tissue mitochondria. It does not assume that the mitochondrial pellet contains all tissue
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mitochondria. When I examined heart, skeletal muscle and liver tissues, I found that
pigeon tissues contain more protein than the same amount of rat tissue (significant in
heart and muscle). Pigeons had less mitochondrial protein per g heart and liver
(significant only for liver) than the rat, but significantly more mitochondrial protein per
g skeletal muscle than the rat. Consequently, the percent of total tissue protein that is
mitochondrial protein is significantly lower in the heart and liver of the pigeon
compared to the rat (Table 3-1). These rat-pigeon differences emphasise the potential
danger in expressing other parameters relative to protein in inter-specific comparisons.

Table 3-1: Maximum lifespan (MLSP), basal metabolic rate (BMR), body mass, organ
sizes, and total and mitochondrial protein content of rat and pigeon.

Parameter

Tissue

Rat

Pigeon

MLSP (years)

5

35

Body mass (g)

343 ± 7

417 ± 21

BMR (ml O2/g*h)

0.67

0.78

Heart size (g)

1.0 ± 0.0

5.0 ± 0.4

**

Liver size (g)

4.6 ± 1.1

6.4 ± 0.4

**
**
**

Protein
(mg total protein/g tissue)

Heart
Muscle
Liver

160 ± 15
230 ± 36
200 ± 17

290 ± 19
460 ± 25
250 ± 23

Mitochondrial protein
(mg mitochondrial protein/
g tissue)

Heart
Muscle
Liver

28.9 ± 6.8
6.7 ± 1.3
14.3 ± 3.7

17.9 ± 5.5
18.9 ± 4.1
5.6 ± 0.8

Mitochondrial protein
(% of total protein)

Heart
Muscle
Liver

16.8 ± 3.8
3.6 ± 1.0
5.9 ± 0.4

6.2 ± 2.1
4.4 ± 1.0
2.6 ± 0.5

Significance

*

*
**
*
**

Shown are means ± SEM, n=6 for rats and n=8 for pigeons, Significant differences are illustrated through
one asteriks (p<0.05) or two asteriks (p<0.01). MLSP was obtained from http://genomics.senescence.info.
BMR data were taken from Lasiewski and Dawson (1967) (pigeon) and Brand et al. (1991) (rat). All
other parameters were measured in this study.
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3.1.2 Mitochondrial oxygen consumption in rat and pigeon tissues
In order to ascertain that the mitochondria isolated from heart, skeletal muscle and liver
were functionally intact, mitochondrial respiration was measured polarographically in
the presence and absence of ADP while using succinate as substrate for the respiratory
chain. From Table 3-2, it can be seen that all mitochondrial preparations were coupled
and thus functionally intact. There was no significant rat-pigeon difference in
respiratory control ratio for heart or skeletal muscle mitochondria but rat liver
mitochondria were significantly more coupled than pigeon liver mitochondria. As rats
and pigeons have different body temperatures, measurement of mitochondrial
respiration (and ROS production) were carried out at 37°C for rats and at 41°C for
pigeons, to represent physiological conditions and thus allow reasonable extrapolation
to the „in vivo‟ situation. Although pigeon heart and liver mitochondria were measured
at a higher temperature, they had a significantly lower state 3 (in presence of ADP)
respiration rate than the equivalent rat mitochondria (Table 3-2).

Table 3-2: Oxygen consumption and respiratory control ratios of rat and pigeon heart,
skeletal muscle and liver mitochondria
Assay temperature (°C)

Rat

Pigeon

37

41

106.8 ± 23.2
42.9 ± 6.7
89.3 ± 9.6

42.0 ± 9.3
62.1 ± 12.0
45.5 ± 8.9

20.5±3.5
12.8±1.2
12.5±1.7

15.6±3.3
28.2±4.3
11.2±2.4

5.6±1.2
3.3±0.4
8.2±1.5

4.9±1.9
2.3±0.4
4.9±0.3

Significance

State 3 Respiration
(nmol O2/min/mg mitochondrial protein)

Heart
Skeletal muscle
Liver

*
*

State 4 Respiration
(nmol O2/min/mg mitochondrial protein)

Heart
Skeletal muscle
Liver

**

Respiratory control ratio
Heart
Skeletal muscle
Liver

*

Mitochondrial oxygen consumption was determined in the presence of 5mM Succinate + 7uM Rotenone.
State 3 respiration was initiated through the addition of 800uM ADP and state 4 respiration rates were
obtained through the addition of 5ug/ml oligomycin. Shown are means ±SEM, n=7 for rats and n=8 for
pigeons. A significant difference between rats and pigeons is illustrated by one (p<0.05) or two asteriks
(p<0.01).
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The skeletal muscle commonly examined in pigeons (and birds in general) is the
pectoral muscle while in rats it is more commonly the hind-limb muscles (both for
reasons of size). In this study, because I chose to compare the same skeletal muscle, I
examined pectoral muscles in both species. I would like to point out that the pectoral
muscle of birds consists mainly of fast-twitch red muscle fibres characteristic of a rapid
output of power and a fast switch to anaerobic metabolism (Rosser and George 1986),
whereas the rat pectoral muscle has a greater proportion of slow-twitch fibres which are
important for extended aerobic muscle contractions over longer periods of time (Delp
and Duan 1996). Observed differences in oxidative stress between those two muscle
types might be due to differences in ATP turnover and mitochondrial oxidation. Despite
the difference in muscle fibre type, my values obtained for rat pectoral muscle
(respiration, ROS production, antioxidant and oxidative stress biomarker levels) are
very similar to those reported for rat hind limb muscle (Chang et al., 2007; Ji et al.,
1990; Lambert and Brand, 2004b; Larrain et al., 2007; Pinho et al., 2006; Tahara et al.,
2009). Thus, I assume that rat pectoral muscle is representative of rat skeletal muscle in
general.

3.1.3 Mitochondrial production of primary ROS
The „in vitro’ production of superoxide and hydrogen peroxide by mitochondria isolated
from heart, skeletal muscle and liver of rats and pigeons (using two different substrates)
are presented in Figure 3-1. Measurements were made at the respective resting body
temperature of each species, namely 37oC for rat mitochondria and 41oC for pigeon
mitochondria, using the method developed by the Barja group (Barja, 2002). The
principle of this method is that superoxide produced during mitochondrial respiration is
converted to H2O2 by both endogenous superoxide dismutase and additional superoxide
dismutase added to the assay medium. The subsequent rate of H2O2 production is then
measured by using excess horseradish peroxidase added to the assay medium which
reduces the extra-mitochondrial H2O2, in turn oxidising a substrate that produces a
fluorescent product. Early work used homovanillic acid as the source of fluorescent
product, but this has the disadvantage of high background fluorescence and low
sensitivity. Later studies have used more sensitive probes such as Amplex Ultra Red. I
used both homovanillic acid and Amplex Ultra Red (in separate assays of all
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mitochondria) and obtained identical results (data not shown). Use of either probe
however requires careful calibration and control for background fluorescence and
fluorescent quenching (St-Pierre et al., 2002). The values in Figure 3-1 are those
obtained using Amplex Ultra Red.

Unlike H2O2, superoxide does not cross the mitochondrial inner membrane and thus
available methods of measuring mitochondrial ROS production assume that superoxide
dismutase in the mitochondrial matrix fully converts matrix superoxide to H2O2, which
then diffuses to the extra-mitochondrial medium for assay. Because of the kinetics
associated with this two-step process, this method will tend to underestimate the actual
rate of mitochondrial production of superoxide (i.e. that released to the mitochondrial
matrix). It will also not measure any matrix H2O2 that is (1) scavenged by peroxidases
(such as glutathione peroxidase or catalase) and (2) that is removed non-enzymatically.
Although commonly described as measuring total mitochondrial ROS production, the
method does not measure consequent secondary ROS products formed by peroxidation
of mitochondrial membrane polyunsaturated fatty acids by superoxides and H2O2.
Consequently, I refer to the values obtained as a measure of primary ROS and will
differentiate between production of primary and secondary ROS in the Discussion.

The rates of primary ROS production by mitochondria in Figure 3-1 have been
calculated, and are presented for both species in three forms: “per mg mitochondrial
protein”, “per g tissue” and “per total tissue” (it was not possible to calculate the value
for total skeletal muscle). The values shown were obtained from mitochondria under
state 4 (non-phosphorylating) conditions. Identical results were obtained from
mitochondria under state 2 conditions (data not shown).

The first impression obtained from Figure 3-1 is that there is no consistent pattern
suggesting rat mitochondria produce significantly more ROS than pigeon mitochondria.
Indeed, on a “per mg mitochondrial protein” basis, it was only heart mitochondria that
showed a significantly higher primary ROS production in rats compared to pigeons, and
this was only when succinate was provided as a substrate for mitochondrial respiration.
In skeletal muscle mitochondria, ROS production was significantly higher in pigeons
compared to rats (the opposite of the hypothesised result), but once again only with one
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substrate (pyruvate) and not with the other (succinate). In all other cases, there was no
significant difference between mitochondrial primary ROS production in pigeons and
rats.
When calculated on a “per g tissue” basis, a similar pattern is evident, but with the
addition that skeletal muscle mitochondria from pigeons had a higher primary ROS
production with both substrates (Figure 3-1). However, when expressed on a “per total
tissue” basis a different picture emerges. There was no difference in the total ROS
produced by the rat heart and pigeon heart while the total ROS produced by the rat liver
was significantly greater than that produced by the pigeon liver.

Insight into tissue and species differences in sites of superoxide production along the
electron transport chain (ETC) is revealed by comparing the effects of the two
substrates on ROS production. Pyruvate and succinate are oxidised at different sites of
the oxidative pathway, liberating electrons, and passing these electrons via NADH and
FADH2 to the complexes of the ETC. Whereas pyruvate has to be converted to acetylCoA before entering the citric acid cycle (malate is added to facilitate conversion of
acetyl-CoA to citrate), succinate can directly enter the cycle, resulting in these
substrates generating different amounts of NADH and FADH2. The oxidation of one
molecule of pyruvate leads to the production of 4 NADH and 1 FADH2, whereas the
oxidation of succinate results in a 1:1 NADH: FADH2 ratio. As NADH is an electron
donor for complex I and FADH2 for complex II, the electrons from pyruvate are more
likely to enter the ETC via complex I whereas the electrons from succinate enter the
ETC from complexes I and II equally. This means that succinate has the capacity to
cause reverse electron flow from complex II towards complex I, a situation associated
with high rates of ROS production (Figure 3-1). The extent of ROS production
associated with this reverse electron flow is revealed by comparing ROS production
rates in the presence of rotenone, a potent inhibitor of complex I, to those with succinate
alone. In all cases, complex I inhibition caused a substantial decrease in primary ROS
production, particularly in muscle tissues (Figure 3-1). Interestingly, the same pattern
of tissue and species differences in ROS production rate with succinate occurred in the
presence and absence of rotenone. Because rotenone restricts ROS production to mainly
presence and absence of rotenone. Because rotenone restricts ROS production to mainly
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Figure 3-1: Mitochondrial production of primary ROS at state 4 conditions in rat (black
bars) and pigeon (grey bars) heart, pectoral muscle and liver using pyruvate (+malate)
and succinate as substrates for the respiration chain. Using succinate, ROS production
was determined in the absence and presence of the complex I inhibitor rotenone.
Primary ROS production is expressed in pmol H2O2/min•mg mitochondrial protein (left
graphs), nmol H2O2/min•g tissue (middle graphs) and in nmol H2O2/min•whole tissue
(right graphs). Shown are means ± SEM, n=7 for rats and n=8 for pigeons. Significant
differences are highlighted with one (p<0.05) or two asterisks (p<0.01).

complex III (Brand, 2010), this means that complexes I and III produced ROS in a
parallel fashion. I assume that the amount of rotenone (2uM) used in the assay was high
enough to fully inhibit complex I in both species as a ten-fold lower concentration used
in similar conditions (0.2uM) was enough to completely inhibit complex I (Lambert and
Brand, 2004a).
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3.1.4 Primary ROS production relative to oxygen consumption
Another way of comparing mitochondrial production of primary ROS is to express it
relative to the rate of mitochondrial oxygen consumption. Using reasonable
assumptions, it is possible to convert both superoxide production and oxygen
consumption to the same units (electrons) and thus calculate the percent of electrons
that, rather than being transported to molecular oxygen as eventual electron acceptor,
instead leak out of the respiratory chain and produce superoxides (for calculations see
method section and Gredilla et al., 2001). This has been called the free radical leak
(FRL). By combining the data in Figure 3-1 and Table 3-2, I am able to calculate FRL
when mitochondria are respiring on succinate as substrate, both with and without
rotenone. These results are presented in Figure 3-2.

When succinate is the substrate, electrons enter the respiratory chain via complex II, and
while some of these electrons undergo normal “forward electron transport” towards
oxygen and produce superoxide by free electron leak (mainly at complex III), a portion
of the electrons are thought to undergo “reverse electron transport” from succinate to
NAD+ and under these conditions complex I produces superoxide at very high rates.
The physiological relevance of this “reverse electron transport” is unclear (for a recent
review of mitochondrial superoxide production see Brand, 2010). When primary ROS
production using succinate as substrate is measured in the presence of rotenone, this
reverse electron transport (and thus superoxide production by complex I) is inhibited.
The presence of rotenone does not affect mitochondrial respiration when using
succinate as a substrate (Dargel, 1974; Hinkle and Yu, 1979). I assume that the FRL
calculated from measurements using rotenone represent the FRL from complex III only,
while those measured without rotenone include the combined FRL at complex III (from
“forward electron transport”) and complex I (from “reverse electron transport”).
Interestingly, the use of rotenone in this case may represent one of the few situations
where use of an inhibitor provides a more physiologically relevant measure than not
using the inhibitor.

As can be seen from Figure 3-2B, there is no significant rat-pigeon difference in the
calculated FRL from either heart, skeletal muscle or liver mitochondria in the presence
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of rotenone and using succinate as substrate, with all values in the range of 0.04% to
0.14%. Without rotenone (Figure 3-2A), there was no rat-pigeon difference in FRL
calculated for skeletal muscle and liver mitochondria (values of 0.2% - 0.4%), but rat
heart mitochondria had a significantly higher FRL compared to pigeon heart
mitochondria (0.6% vs 0.2%). Taken altogether, these results suggest that for heart
mitochondria, it is “reverse electron transport” that is responsible for the significant ratpigeon difference. If the physiological relevance of “reverse electron transport” is
unclear, then the physiological relevance of mitochondrial ROS production measured
when “reverse electron transport” is occurring is also unclear.

Figure 3-2: Free radical leak (FRL) in the absence (A) and in the presence of 2uM
Rotenone (B) in succinate-energized mitochondria at state 4 conditions of rat (black
bars) and pigeon (grey bars) heart, pectoral muscle and liver mitochondria. The FRL is
the percentage of electrons leaking out of sequence towards the production of
superoxides. Rotenone inhibits complex I of the respiration chain, the FRL shown in (B)
results mainly from electrons leaking at complex III. For FRL calculations see method
section. Shown are means ± SEM, n=7 for rats and n=8 for pigeons. Significant
differences are highlighted with an asteriks (p<0.05).
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3.1.5 Antioxidant defences in rats and pigeons
Total antioxidant status and the activity of a variety of enzymatic and non-enzymatic
antioxidants were determined for plasma and whole tissue homogenates, as well as for
mitochondrial preparations, and are presented “per g tissue” in Table 3-3.

Two different assays were used to compare total antioxidant status of rat and pigeon
plasma. These were the “total antioxidant status” (TAS) assay and the “ferric reducing
ability” (FRA) assay. Each assay has its criticisms (see Prior and Cao, 1999), but both
were carried out side by side to provide the best comparison. Both assays showed there
was no significant difference between rat and pigeon plasma (Table 3-3). The FRA
assay was also used to determine total antioxidant capacity of tissue homogenates.
Whereas total antioxidant capacity (as assessed by FRA) of heart and liver was the same
in rats and pigeons, it was significantly higher in pigeon skeletal muscle compared to
that of rat.

Two non-enzymatic antioxidant defences were also compared in rats and pigeons. There
was no rat-pigeon difference in the reduced glutathione levels in either the heart or liver.
Both blood levels of reduced glutathione and plasma uric acid content were
significantly higher in the pigeon compared to the rat (Table 3-3).

Three enzymatic antioxidant defences were compared. While catalase activity (CAT)
was measured in only plasma and heart and liver homogenates, the other two
antioxidant enzymes, superoxide dismutase (SOD) and glutathione peroxidase (GPx),
were measured in plasma, the three tissue homogenates, and in the respective
mitochondrial preparations. All antioxidant enzymes are expressed “per g tissue” (or
“per ml plasma” in the case of plasma levels) using the technique described in the
mitochondrial ROS section. This enabled me to calculate, for both SOD and GPx, the
percent of total tissue antioxidant enzyme activity that is located in the mitochondrial
compartment.

Catalase activities in plasma, heart and liver from the rat were significantly greater (3-6
times) than measured for the pigeon tissues.
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Table 3-3: Total antioxidant status, enzymatic (SOD, GPx and CAT) and nonenzymatic antioxidants (GSH, uric acid) in plasma, heart, pectoral muscle and liver
(total tissue and mitochondria) of rats and pigeons.

Parameter
Total Antioxidants
Total antioxidant status
Ferric reducing ability

Tissue

Rat

Pigeon

Plasma
Plasma
Heart
Muscle
Liver

0.8±0.2
0.3±0.0
7.0±0.5
0.9±0.1
11.5±1.0

1.2±0.1
0.3±0.0
7.6±0.3
2.1±0.2
12.6±1.1

Blood
Heart
Liver

0.04±0.0
1.5±0.1
3.5±0.8

1.1±0.1
1.6±0.1
3.3±0.3

*

Plasma

11.8±1.6

19.9±1.9

*

Plasma
Heart

0.6±0.2
136.8±23.3

0.3±0.1
271.5±32.2

Heart mitochondria

94.1±2.7

16.8±6.8

Heart (% in mitochondria)

71.8±9.9

8.4±2.6

Muscle
Muscle mitochondria
Muscle (% in mitochondria)
Liver
Liver mitochondria
Liver (% in mitochondria)

18.3±1.0
0.1±0.0
0.5±0.2
64.4±13.7
1.6±0.1
2.7±0.6

28.2±2.6
0.4±0.1
1.8±0.8
75.9±10.7
0.9±0.3
1.3±0.3

Plasma

84.3±12.4

31.6±4.3

Heart

313.6±27.1

169.5±15.8

Heart mitochondria
Heart (% in mitochondria)
Muscle
Muscle mitochondria
Muscle (% in mitochondria)

34.7±12.8
12.0±5.3
659.3±25.2
2.3±0.3
0.4±0.0

4.6±1.2
2.7±0.6
685.8±37.0
1.8±0.3
0.3±0.1

Liver

1142.9±159.8 732.2±46.6

Liver mitochondria

19.3±2.8

0.7±0.1

Liver (% in mitochondria)

1.9±0.5

0.1±0.0

Significance

**

Non-enzymatic Antioxidants

Reduced glutathione

Uric acid
Enzymatic Antioxidants

Superoxide dismutase
*
**
**
**
p=0.07

p=0.06

Glutathione peroxidase
**
**
**
p=0.07

*
**
**
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Catalase
Plasma

124.6±4.4

18.5±2.9

Heart

5469±776

1778±277

Liver

218.6±17.4

34.1±4.9

**
**
**

Muscle = pectoral muscle. Total antioxidants were measured in plasma using two different assays, the
total antioxidant status assay (TAS) and the ferric reducing ability (FRA) assay. Data are shown in mM
Trolox equivalents (TAS), mM Fe(II) (FRA in plasma), umol Fe (II)/g tissue (FRA in tissues), u/ml
(SOD, GPx, CAT in plasma), u/g tissue (SOD in heart, GPx and CAT in tissues), u/mg tissue (SOD in
pectoral muscle and liver), mM (GSH in plasma), nmol/g tissue (GSH in tissues), mg/dl (uric acid).
Shown are means ± SEM, n=6 for rats and n=8 for pigeons, Significant differences are illustrated through
one asteriks (p<0.05) or two asteriks (p<0.01). SOD = superoxide dismutase, GPx = glutathione
peroxidase, CAT = catalase, GSH = reduced glutathione

There were no rat-pigeon differences in plasma SOD, total liver SOD, liver
mitochondrial SOD, or skeletal muscle mitochondrial SOD. However, the rat had a
significantly lower total heart SOD and total skeletal muscle SOD activities than the
pigeon. Unlike total heart SOD, the activity of heart mitochondrial SOD was
significantly greater (~6-fold) in the rat compared to the pigeon. This meant that
whereas only 8% of the pigeon heart SOD activity was located in the mitochondrial
compartment, the corresponding value for the rat was 72%. While there was no ratpigeon difference in skeletal muscle GPx activity (either with respect to total tissue GPx
or mitochondrial GPx), this was not the case for other tissues that were measured. The
GPx activities of plasma, heart, heart mitochondria, liver and liver mitochondria were
all significantly greater in the rat than the pigeon. The degree of the rat-pigeon
differences in mitochondrial GPx activities were much greater (8-28 fold) than the
differences observed total GPx activities, which were only 1.6 to 3-fold greater (Table
3-3).

Total antioxidant status in each tissue correlated with the cumulative activities of the
enzymatic and non-enzymatic antioxidants in the respective tissues. For example,
plasma enzymatic antioxidant levels were higher, while plasma non-enzymatic
antioxidant levels were lower in the rat, resulting in a similar total antioxidant status in
the plasma of rats and pigeons. A similar pattern existed in heart with rats having a
higher total antioxidant status and also more enzymatic antioxidants and in liver where
total antioxidant status as well as SOD and GPx concentrations were similar in both
species (Table 3-3).
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As mentioned previously, an important factor that might interfere with the
determination of primary ROS production was the enzymatic capacity of the
mitochondria to break down superoxides and hydrogen peroxide before they can be
measured. For example, the very high SOD activity in rat heart mitochondria might
result in higher conversion of matrix superoxide to H2O2 compared to pigeons.
Conversely, GPx levels in heart mitochondria were very high in the rat compared to the
pigeon (Table 3-3), which might result in H2O2 breakdown, before H2O2 leaves the
mitochondrial matrix and can be detected by the measurement system. As I was not
interested in differences in the absolute levels of superoxide generation, but in
differences of the potential for oxidative damage in rats and pigeons, the dismutation of
H2O2 by GPx does not affect the interpretation of the results. However, H2O2 is also
removed non-enzymatically producing hydroxyl radicals during the Fenton reaction
(Halliwell and Gutteridge, 2007). I did not assess differences in hydroxyl radical
generation which might influence a species maximum lifespan.

3.1.6 Susceptibility of rat and pigeon membranes to peroxidation
As described elsewhere (Hulbert, 2008), by combining measurements of fatty acid
composition of a membrane with the known susceptibility of individual polyunsaturated
fatty acids to peroxidation (see methods), it is possible to calculate a single number,
called the peroxidation index (PI), that expresses the susceptibility of the membrane to
lipid peroxidative damage. In Figure 3-3, I present the PI for phospholipids (membrane
lipids) isolated from seven tissues and three mitochondrial preparations from both
species (for the actual fatty acid composition data see supplementary Table 3).

Figure 3-3 shows that for membrane lipids from all tissues (apart from the brain) and
mitochondria, the rat showed greater susceptibility to peroxidative damage (i.e. a higher
PI value) than those from the pigeon. These differences were all statistically significant,
except for heart mitochondria where the lack of significant rat-pigeon difference was
likely due to the low sample size (n=3) for the rat.
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Figure 3-3: Membrane susceptibility of rat (black) and pigeon (grey) tissues to damage by reactive oxygen species, expressed in form
of the peroxidation index (PI). The PI is calculated taking into account the combination of the relative susceptibilities of different fatty
acids to peroxidation. Shown are means ± SEM, n = 6 for rats and n = 8 for pigeons (besides heart mitochondria where n=3 for rats and
n=5 for pigeons, and brain where n=3 for rats), (*) when p < 0.01.
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3.1.7 Oxidative damage in rats and pigeons
The levels (per ug DNA, per g tissue or per ml plasma) of mitochondrial 8-hydroxy-2deoxy-guanosine (8-OHdG) and protein carbonyl levels (bio-markers of mitochondrial
DNA and protein damage respectively), as well as malondialdehyde (MDA) and lipid
hydroperoxides (both markers of lipid peroxidation) in tissues from both species are
presented in Figure 3-4.

Figure 3-4: Products of damage by ROS in rat (black bars) and pigeon (grey bars)
plasma, heart, pectoral muscle and liver. (A) 8-OHdG (8-hydroxy-2-deoxy-guanosine)
content of mitochondrial DNA (product of DNA damage), (B) protein carbonyl content
(product of protein damage), (C) Lipid Hydroperoxides (intermediate product of lipid
peroxidation), and (D) TBARS (thiobarbituric reactive substances, end product of lipid
peroxidation). Shown are means ± SEM, n=6 for rats and n=8 for pigeons. Significant
differences are highlighted with one (p<0.05) or two asterisks (p<0.01).
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There were few significant rat-pigeon differences and the degree of these differences
was relatively small. Rats exhibited significantly higher levels of mitochondrial DNA
damage in the heart (Figure 3-4A), and significantly higher oxidative protein damage to
plasma proteins, but not in other tissues (Figure 3-4B). Unlike the DNA and protein
damage results, lipid hydroperoxide concentrations were significantly higher in liver
(but not in plasma) of pigeons compared to rats (Figure 3-4C) and MDA levels (as
assessed by TBARS assay) were also significantly higher in pigeon skeletal muscle, but
showed no difference between rats and pigeons for the other tissues (Figure 3-4D).

3.2 Discussion
One of the strengths of this contribution is the number of parameters (related to the
oxidative stress theory) that have been measured and compared between long-living
pigeons and short-living rats. For the majority (54%) of these, there is no significant
difference between the two species. For others, the rat values are significantly higher
than the pigeon values (35%), while for the remainder (11%) of the comparisons, the
pigeon values are significantly greater than the rat values. It was only the membrane
lipid comparisons that showed a consistent pattern of statistically significant differences
(all rat PI values > pigeon values). For the other comparisons, mitochondrial ROS
production, antioxidants, and oxidative damage, statistically significant differences
included cases where rat values > pigeon values, as well as cases where pigeon values >
rat values.

Another strength of the rat-pigeon comparison is the 7-fold magnitude of the longevity
difference. Consequently, it is important to consider the relative size of differences in
measured variables between the two species and not just their statistical significance.
For this reason, in Figure 3-5 I have plotted the “rat value/pigeon value” ratios for the
parameters measured. For comparative purposes I have also plotted two lines in this
figure; one for ratio = 1 (i.e. rat = pigeon) and the other when the rat/pigeon ratio = 7.
For the mitochondrial ROS production, antioxidants and oxidative damage categories I
have plotted the direct ratio of each rat/pigeon value, because, in the absence of better
knowledge, I have assumed a simple linear relationship between longevity and the
particular parameter (e.g. doubling of ROS production might be associated with halving
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of longevity, etc.). By contrast, for membrane peroxidation index (PI) category, the
values plotted are (rat/pigeon)3. This transformation is justified because, unlike the other
categories, I already know that the relationship between membrane PI and longevity is
not simple and linear. In a wide variety of birds and mammals, the PI is proportional to
the -0.30 power of MLSP for skeletal muscle phospholipids, and the -0.36 power of
MLSP for liver mitochondrial phospholipids (Hulbert, 2010). If I assume for tissues in
general that PI is proportional to MLSP-0.33, then such a relationship can be transformed
to MLSP being inversely proportional to PI3. For this reason I have plotted the cube
power of the rat/pigeon ratio for the membrane PI values in Figure 3-5.

The picture that emerges from Figure 3-5 is, I believe, illuminating. Total antioxidant
status and non-enzymatic antioxidants are essentially the same in rats and pigeons. The
enzymatic antioxidants (especially mitochondrial) suggest that the rats experience a
much greater degree of oxidative stress in vivo than do pigeons. This is especially the
case for the peroxidases (GPx and CAT).

However, the results from in vitro measurements of mitochondrial ROS production do
not support this interpretation. It is only heart mitochondria that suggest a greater
oxidative stress in rats compared to pigeons, but only when they are using succinate as a
substrate. It is very difficult to make the case from Figure 3-5 that rat mitochondria
generally produce more superoxide than equivalent pigeon mitochondria.

My purpose in this study was to try and relate my measurements to the in vivo situation
and compare pigeon and rat tissues. There is considerable variation reported in the
literature for values of mitochondrial ROS production. Early assertions that 1-4% of
mitochondrial electron transport in vivo is diverted (“leaked”) to superoxide production
are based on unrealistic assumptions and are wrong (Brand, 2010). More realistic
assumptions suggest that the value is more likely to be about 0.15% (St-Pierre et al.,
2002), which corresponds with the values I have obtained for rat and pigeon
mitochondria from all three tissues (Figure 3-2). I have no evidence that the rate of
electron leakage is greater in rats than pigeons, except when succinate is the only
substrate provided. Rotenone (the complex I inhibitor) diminishes superoxide
generation showing that a large proportion of superoxide is generated at complex I
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Figure 3-5: Rat/Pigeon ratios for all parameters determined in this study (basal
metabolic rate, mitochondrial ROS production, antioxidants, membrane peroxidation
index (PI) and oxidative stress biomarkers). For comparative purposes, two lines are
plotted in this figure, one line at a ratio = 1 (ie. rat=pigeon) and the other when the ratio
rat/pigeon = 7 (due to the 7-fold longevity difference of rats and pigeons). For all
parameters besides membrane PI I have plotted the direct ratio of each rat/pigeon value,
whereas for the PI comparison the values plotted are (rat/pigeon)3 (see discussion
section for details). Closed circles represent whole tissues, open circles represent
mitochondria. Black: Plasma, red: heart, blue: pectoral muscle, green: liver, yellow:
erythrocytes, dark grey: kidney, light grey: brain. Significant differences between rats
and pigeons are highlighted with an asterisk (p<0.05).
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during “reverse electron transport” (Figure 3-1). The physiological relevance of this
condition, however, has been questioned (Muller et al., 2008). Recently, a two-site
model of superoxide production at complex I was proposed by Treberg et al. (2011):
Superoxide production through “reverse electron transport” was shown to be sensitive
to the redox state of both the Q-pool and the NAD reduction state, whereas in contrast
superoxide production through “forward electron transport” (in the presence of
rotenone) was uniquely related to NAD redox state. These new findings support the idea
that superoxide production at complex I is dependent upon the reduction state of both
the NAD-pool and the Q-pool, and therefore dependent upon substrate type. Situations
when the NAD pool is highly reduced (e.g. during the oxidation of glucose or fatty
acids) or when substrates (e.g. succinate, fatty acids, α-glycerophosphate) enter the
electron transport chain via the Q pool might be sufficient for extensive superoxide
production (Treberg et al. 2011). Extrapolation from in vitro measurements to the in
vivo situation is also difficult because little is known about changes in mitochondrial
superoxide production in response to physiologically relevant changes in substrate
supply and energy demand in intact cells (Brand, 2010).

The commonly expressed conclusion that rat mitochondria have a greater superoxide
production than pigeon mitochondria is based almost entirely on results obtained from
heart mitochondria (Herrero and Barja, 1997; Ku and Sohal, 1993; Lambert et al., 2007;
Lambert et al., 2010; St-Pierre et al., 2002). and as I report here is not observed in
mitochondria from other tissues. However, as discussed earlier, the heart may not be a
good tissue for such a comparison in view of the more than 3-fold difference in resting
heart rate (approximately 390 beats/min in the rat compared to approximately 125
beats/min in the pigeon) and the 5-fold difference in heart mass (see Table 3-1).

I can find no convincing evidence that in vivo mitochondrial superoxide production is,
in general, consistently much greater in the tissues of rats compared to pigeons. Yet, the
higher enzymatic antioxidant content of rats compared to pigeons suggests that rat
tissues in vivo do experience greater oxidative stress than pigeon tissues. Is this apparent
conflict real? In this respect it is of interest that the most consistent difference I
observed between rats and pigeons was in the peroxidation index of membrane lipids.
My results confirm earlier reports of rat-pigeon differences in the fatty acid composition
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of mitochondrial membranes from heart (Gutierrez et al., 2000; Pamplona et al., 1999)
and liver (Gutierrez et al., 2000; Pamplona et al., 1996), and extend this finding to
skeletal muscle mitochondria. My results also show that this difference in membrane
composition applies to total phospholipids of the heart, liver and skeletal muscle as well
as other tissues. Furthermore, the fatty acid composition of these three tissues is very
similar for total tissue and mitochondrial phospholipids.

Membrane lipids are the source of a large group of powerful lipid-based ROS (which I
will collectively call secondary ROS) formed from the action of primary ROS
(superoxide and hydrogen peroxide) on membrane polyunsaturated fatty acids. These
powerful lipid-based ROS are continually formed during lipid peroxidation and are
responsible for the autocatalytic positive-feedback nature of this process. They also are
responsible for much of the oxidative damage to other non-lipid bio-molecules,
including proteins (Berlett and Stadtman, 1997). The importance of membrane lipid
composition lies in the fact that if we compare two membranes that differ in their fatty
acid composition and PI (and consequently their susceptibility to peroxidative damage)
under conditions of identical challenge from primary ROS, it is the more susceptible
membrane (the one with the higher PI) that will produce a greater degree of oxidative
stress. In other words, it is the level of total ROS production (primary ROS + secondary
ROS) that is responsible for determining the level of oxidative stress and not solely
superoxide production. Thus the lack of a difference in mitochondrial superoxide
production does not necessarily mean a lack of a difference in the level of oxidative
stress and conversely, differences in the level of oxidative stress do not necessarily
require differences in mitochondrial superoxide production. Is the production of
secondary ROS responsible for enhanced oxidative stress in rats compared to pigeons? I
suggest this is likely the case.

It is very difficult to measure the production of these secondary ROS. I have not done so
but instead have measured membrane fatty acid composition and calculated a PI value
from this composition data as an indication of the susceptibility to peroxidative damage
and in turn the membrane‟s ability to produce secondary ROS from a standard primary
ROS challenge. The key factors used to derive PI are not purely theoretical values but
are instead empirically-derived from the known differences in rates of peroxidation of
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individual fatty acids (Holman, 1954). Pamplona et al. (1999) have previously
demonstrated that the low peroxidative susceptibility of heart mitochondrial lipids in
pigeons results in both a low level of lipid peroxidation and reduced lipoxidative
damage to proteins relative to rats. Importantly, the low peroxidative susceptibility of
pigeon mitochondrial phospholipids was shown both in vivo and in vitro (Lopez-Torres
et al., 1993a; Pamplona et al., 1999; Pamplona et al., 1996), demonstrating the
resistance of pigeon membranes to oxidative insults. I suggest that high PI of rat
membranes act as a ROS amplifier by leading to the production of harmful levels of
secondary lipid-based ROS, and therefore to more oxidative damage.

Inferring oxidative stress rates from endogenous levels of particular oxidative damage
products is problematic. Such products are rapidly repaired or removed, making
oxidative stress biomarkers representative of steady-state levels only. I found the levels
of a variety of biomarkers to be very similar in rats and pigeons, indicating that these
markers are not necessarily a good measure of oxidative stress in vivo. This adds to a
growing body of evidence that protein carbonyls and other glycated protein adducts are
not appropriate markers of aging-related damage (Jacobson et al., 2010; Pamplona et al.,
1996; Pérez et al., 2009; Portero-Otin et al., 2004).

This rat-pigeon comparison is not the only case where the measured aspects of the
oxidative stress theory were not able to explain lifespan differences between species.
Naked mole-rats, with a maximum lifespan of more than 28 years, show higher levels of
lipid peroxidation, DNA and protein oxidative damage in comparison to mice (MLSP 5
years), and these differences were evident from a very young age (Andziak and
Buffenstein, 2006; Andziak et al., 2006). Similarly high levels of oxidative damage are
also apparent in other long-living species, such as birds and bats (Portero-Otin et al.,
2004; Wilhelm Filho et al., 2007).

Giron-Calle et al. (1997) have previously demonstrated the rapidity of membrane lipid
turnover in the presence of oxidative stress. The induction of lipid peroxidation in rat
hepatocytes resulted in increased TBARS levels, but had no effect on membrane fatty
acid composition (Giron-Calle et al., 1997). The rapid deacylation-reacylation processes
highlight the importance of repair and removal mechanisms during intense oxidative
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stress. Mechanisms that remove lipid peroxidation products include the activity of
peroxidises such as GPx (more specifically GPx 4), which has specificity to a variety of
hydroperoxides, including lipid hydroperoxides (Toppo et al., 2009; Ursini et al., 1985).
The low concentration of lipid hydroperoxides I measured in rat liver is likely due to the
rapid rate of break-down by the high mitochondrial GPx levels in the rat.

Another challenge in using oxidative-damage products to identify sources of oxidative
stress is their interactive nature. Whereas DNA damage is a consequence of the attack
of primary ROS (mainly hydroxyl radicals), carbonyls can be introduced into proteins
either through direct oxidation (through primary ROS), via reactions with lipid
peroxidation products (4-hydroxy-2-nonenal, malondialdehyde), or in glycation and
glycoxidation reactions (Berlett and Stadtman, 1997; Cordis et al., 1998; Valavanidis et
al., 2009). Lipid hydroperoxides are created from all polyunsaturated fatty acids,
whereas malondialdehyde (determined with the TBARS assay) is the main product from
the peroxidation of arachidonic acid (Onyango and Baba, 2010). As primary ROS lead
to a chain reaction producing a large variety of secondary ROS, which in turn damage
only selected molecules, the determination of selected markers does not give sufficient
insights into the actual levels or sources of oxidative stress.

Given the lack of correspondence between the rat-pigeon ratios of most variables I
measured and their 7-fold difference in MLSP (Figure 3-5), I am left with the
impression that the substantive differences in mitochondrial ROS production reported
previously for these species was due to the serendipitous selection of heart muscle to
source the mitochondria and the provision of succinate as a substrate. Had mitochondria
been harvested from other tissues or inferences been drawn from comparison of levels
of randomly chosen antioxidants, then very different conclusions regarding differences
in oxidative stress would have been reached. Another consideration raised by my results
is whether the oxidative stress theory of aging requires that all tissues of animals with
differing MLSP show proportionately different levels of oxidative stress. In other
words, are differences in longevity driven mainly by system-wide failures, or simply by
failure of a key organ or system? Additionally, the consistently higher peroxidation
indices of rat membranes compared to pigeon membranes raise the possibility that
differences in MLSP between these species may be related to significantly higher total
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ROS production in rats due to their higher rates of secondary ROS formation by
lipoxidation processes.

The potential importance of membrane fatty acid composition in the determination of
longevity is supported by other recent reports on membrane composition in other
exceptionally long-living mammals (e.g. naked mole-rats and echidnas) (Hulbert et al.,
2006; Hulbert et al., 2008). It is also supported by two other recent genetic studies. One
of these examining C.elegans mutants encompassing a 10-fold longevity difference
showed that modulation of lipid biosynthesis and membrane composition contributed to
stress resistance and longevity of these worms (Shmookler-Reis et al., 2011). They
showed a similar relationship between membrane PUFA content (and peroxidation
index) and maximum lifespan in C.elegans to that previously reported for birds and
mammals (Hulbert, 2011). The other genetic study examined the evolutionary selection
of candidate genes for longevity in mammals and identified those involved with lipid
composition to be one of two genes strongly conserved among mammals with high
MLSP (Jobson et al. 2010). Further comparative studies involving bird species with
very different MLSPs will confirm whether relative decreases in membrane PI are a
general feature among long-lived endothermic vertebrates.

Whereas lipid composition and secondary lipid-based ROS have a potential to be
important in lifespan determination, primary ROS on their own are more likely to be
involved in health span than maximum lifespan. Oxidative stress was repeatedly shown
to be associated with disease progression in cardiovascular disease, cancer and diabetes
(for current review see Salmon et al. 2010) and future studies might have to increase
their focus on both life span and health span to determine if oxidative stress is important
in „healthy‟ aging.
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PART C:

The Parrot-Quail Comparison
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Chapter 4: Does mitochondrial ROS production vary
with maximum lifespan in birds?

4.1 Results
This chapter describes and discusses the results for mitochondrial ROS production in
the parrots and quails. I have measured the rates of ROS generation both in intact cells
and in isolated mitochondria. Birds, in contrast to mammals, have nucleated
erythrocytes that also possess mitochondria and other organelles; and thus ROS
production can be analysed in whole cells in their physiological cell environment. As
well, I have isolated mitochondria from three tissues (heart, skeletal muscle and liver) of
the five bird species and measured ROS production by these isolated mitochondria,
using both succinate and pyruvate as substrates. ROS production was determined under
physiological substrate concentrations and assay temperatures (41°C), both in the
absence and presence of the complex III inhibitor Antimycin A (to assess basal and
maximum rates of ROS production, respectively).

4.1.1 ROS production in erythrocytes
The production of hydroxyl radicals and peroxynitrate (determined over a 30 min period
using dihydrorhodamine 123) in bird erythrocytes was significantly higher in the parrots
in comparison to the quails. This parrot-quail difference is largely due to the king quail
erythrocytes exhibiting the lowest and the budgerigar erythrocytes showing the highest
fluorescence, there being no significant difference between the other species (Figure 41B).

Although there are significant differences in erythrocyte superoxide production between
individual species, there is no general pattern between short-living quails and longliving parrots. Superoxide production is higher in lovebirds in comparison to Japanese
quails and cockatiels, and also higher in king quails in comparison to cockatiels (Figure
4-1C). The mitochondrial uptake of the fluorescent dye used for superoxide detection,
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Figure 4-1: Maximum lifespan potential (MLSP) and body mass in birds, as well as
reactive oxygen species (ROS) production and mitochondrial membrane potential of
quail and parrot erythrocytes. (A) Correlation of MLSP and body mass in birds, with the
quails and parrots superimposed in the graph. (B) Detection of hydroxyl radicals and
peroxynitrate using Dihydrorhodamine123 (DHR123) (C) Detection of superoxide
using MitoSox Red. (D) Determination of mitochondrial membrane potential (ψm)
using Mitotracker CMX ROS. Shown are means ± SEM, n=6 for budgerigars, n=8 for
lovebirds and king quails, n=9 for cockatiels and n=10 for Japanese quails. Bars that
don‟t share a common letter are significantly different (p<0.05). KQ = king quails, JQ =
Japanese quails, B = budgerigars, LB = lovebirds, and C = cockatiels.

MitoSox Red, is dependent upon mitochondrial membrane potential. To assure that
differences in fluorescence were due to differences in superoxide production and not
due to differences in membrane potential, I compared mitochondrial membrane
potential between the species using a fluorescent dye (Mitotracker Red CMXRos)
which accumulates inside mitochondria dependent upon the membrane potential. The
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erythrocyte mitochondrial membrane potential did not statistically differ among any
bird species (Figure 4-1D). I conclude that there is no inverse relationship between
erythrocyte ROS production and MLSP among these five bird species.

4.1.2 ROS production by isolated mitochondria
To verify that the mitochondria isolated from heart, skeletal muscle and liver were
functionally intact, I measured mitochondrial respiration polarographically in the
presence and absence of ADP while using succinate as substrate for the respiratory
chain. From Table 4-1, it can be seen that all mitochondrial preparations were coupled
and thus functionally intact. There was no significant difference in respiratory control
ratios for heart or skeletal muscle mitochondria between the 5 bird species, but
budgerigar liver mitochondria were significantly more coupled than those from the
other bird species.

Table 4-1: Oxygen consumption rates of quail and parrot heart, skeletal muscle and liver
mitochondria
Parameter

King quail

Japanese quail

Budgerigar

Lovebird

Cockatiel

30.5±4.4B
44.4±6.2A
27.4±3.0AB

31.2±4.1B
26.3±8.0AB
35.8±11.5A

16.9±5.7A
8.2±2.5B
43.4±7.8A

115.2±19.8B
197.1±21.3B
98.6±9.8AB

193.1±30.1B
73.1±23.4A
234.7±46.8C

106.0±42.6B 20.7±6.5A
12.0±3.8C
82.6±28.3A
182.7±30.4BC 69.7±8.5A

35.0±5.2B
39.6±6.7A
24.1±2.2AB

30.3±4.6AB
27.4±5.9A
19.2±5.6AB

26.5±7.8AB
5.0±1.9B
31.0±4.9B

3.5±0.5A
7.3±2.5A
4.2±0.4A

6.4±1.2A
2.4±0.3A
19.0±6.3B

3.6±0.9A
2.8±0.6A
6.2±0.8A

State 2 Respiration
(nmol O2/min/mg protein)

Heart
Pectoral muscle
Liver

13.5±3.8A
26.4±5.7AB
22.5±5.5AB

7.4±1.7A
18.0±3.0AB
16.1±2.5AB

State 3 Respiration
(nmol O2/min/mg protein)

Heart
43.3±12.7A
Pectoral muscle 106.3±20.0A
Liver
66.2±11.5A
State 4 Respiration
(nmol O2/min/mg protein)

Heart
13.7±3.1A
Pectoral muscle 28.5±7.3AB
Liver
12.6±3.2A
Respiratory Control Ratio
Heart
4.2±1.2A
Pectoral muscle 5.1±1.3A
Liver
5.8±0.8A

6.0±1.6A
25.2±8.4AB
21.1±3.8AB
3.7±0.5A
4.0±1.6A
3.9±0.6A

Mitochondrial respiration rates were determined in the presence of 5mM succinate and 7uM rotenone.
State 3 respiration was initiated through the addition of 800uM ADP and state 4 respiration rates were
obtained through the addition of 5ug/ml oligomycin. Shown are means ± SEM, n=6 for budgerigars, n=8
for king quails and lovebirds, n=9 for cockatiels and n=10 for Japanese quails. Mean values without a
common superscript in each row are significantly different (p<0.05). For statistical analysis see method
section.
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Superoxide production was determined in these isolated mitochondria, using both
pyruvate (+malate) and succinate as substrates, and in the absence/presence of
Antimycin A (complex III inhibitor). I used the method developed by Barja (2002). This
method is based on the conversion of superoxide produced during mitochondrial
respiration to hydrogen peroxide (by both endogenous superoxide dismutase and
additional superoxide dismutase added to the assay medium), which is detected by
horseradish peroxidase added to the assay medium. Horseradish peroxidase reduces the
extra-mitochondrial H2O2 and simultaneously oxidizes homovanillic acid which, in turn,
exhibits fluorescence. The use of homovanillic acid requires careful calibration and
control for background fluorescence and fluorescent quenching, and these corrections
can sometimes lead to negative values in the case of very low levels of ROS production
(St-Pierre et al., 2002).

With pyruvate (+malate) as a substrate, superoxide is generated at both complexes I and
III through forward electron transport. In contrast, the addition of succinate leads to
superoxide production at complex I mainly through reverse electron flow and at
complex III through forward electron transport. The presence of excess Antimycin A
(with both substrates) yields complex I superoxide plus a maximal production of
superoxide from complex III because of a complete reduction of respiratory chain
components prior to center i of complex III (Lambert and Brand, 2004a). To facilitate
the discussion of the results, mitochondrial superoxide production in the absence of
Antimycin A will be called „basal ROS production‟, whereas the rates of superoxide
generation in the presence of Antimycin A will be referred to as „maximal ROS
production‟ (see Figure 4-2 and Figure 4-3) as done in some previous studies (eg.
Brown et al., 2009). All values shown were obtained from mitochondria under state 2
(non-phosphorylating) conditions.

The rates of ROS production for pyruvate (+malate)-supplemented mitochondria are
shown Figure 4-2, whereas the ROS production rates for succinate-supplemented
mitochondria are summarized in Figure 4-3. In both figures, the basal ROS production
is shown in the left-hand graphs and the maximum rates of ROS production are
illustrated in the right-hand graphs.
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Figure 4-2: Hydrogen peroxide production in isolated and pyruvate(+malate)supplemented heart, skeletal muscle and liver mitochondria of short-living quails and
long-living parrots. Both rates of basal hydrogen peroxide (left-hand graphs) production
and maximal hydrogen peroxide production in the presence of excess Antimycin A
(right-hand graphs) are shown. Shown are means ± SEM, n=6 for budgerigars, n=8 for
king quails and lovebirds, n=9 for cockatiels, n=10 for Japanese quails. Bars without a
common letter are significantly different (p<0.05). An asterisk inside the bars indicate
significant increases in maximal rates compared to basal rates (p<0.05). KQ = king
quails, JQ = Japanese quails, B = budgerigars, LB = lovebirds, and C = cockatiels.
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Using pyruvate (+malate) as a substrate, the basal rates of mitochondrial ROS
production are very low in all three tissues and in all species, except the budgerigar
(Figure 4-2). Budgerigar mitochondria have significantly higher rates of hydrogen
peroxide production in heart and skeletal muscle compared to the other species, but not
in the liver. In general, parrot mitochondria produce similar amounts of hydrogen
peroxide in comparison to quail mitochondria. The maximal rates of ROS production
are greater than the basal rates, but not significantly greater in all cases (asterisks inside
the bars indicate significant increases in maximal rates compared to basal rates).
Budgerigar mitochondria have a higher maximal hydrogen peroxide production in
skeletal muscle and liver compared to all other species, but not in heart. However, as
with basal ROS production, the maximal rates show no longevity-related pattern
(Figure 4-2).

In

general,

mitochondrial

ROS

production

rates

in

succinate-supplemented

mitochondria show a similar pattern as when given pyruvate (+malate), but the actual
rates of hydrogen peroxide production are higher with succinate. The main exception to
the pattern measured with pyruvate is budgerigar liver mitochondria which exhibit
higher basal rates of hydrogen peroxide production (Figure 4-3). The rates of basal
ROS production reported here are similar to values reported previously for other
Galliformes and non-Galliformes (Azad et al., 2010; Mujahid et al., 2009; St-Pierre et
al., 2002). Regardless of the substrate provided, there was no longevity-related pattern
in basal ROS production.
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Figure 4-3: Hydrogen peroxide production in isolated and succinate-supplemented
heart, skeletal muscle and liver mitochondria of short-living quails and long-living
parrots. Both rates of basal hydrogen peroxide (left-hand graphs) production and
maximal hydrogen peroxide production in the presence of excess Antimycin A (righthand graphs) are shown. Shown are means ± SEM, n=6 for budgerigars, n=8 for king
quails and lovebirds, n=9 for cockatiels, n=10 for Japanese quails. Bars without a
common letter are significantly different (p<0.05). An asterisk inside the bars indicate
significant increases in maximal rates compared to basal rates (p<0.05). KQ = king
quails, JQ = Japanese quails, B = budgerigars, LB = lovebirds, and C = cockatiels.
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4.1.3 Mitochondrial ROS production in relation to oxygen consumption
All my presentations of parrot-quail mitochondrial ROS production have been
expressed relative to mitochondrial protein content. The absence of a longevity-related
pattern might be masked by differences in mitochondrial protein content. Another way
of comparing mitochondrial ROS production is to express it relative to the rate of
mitochondrial oxygen consumption. Using reasonable assumptions (see methods), it is
possible to convert both the measured hydrogen peroxide production and oxygen
consumption (for each individual mitochondrial preparation) to the same units
(electrons) and thus calculate the percent of electrons that leak out of the respiratory
chain and produce superoxides, rather than being transported to molecular oxygen as
eventual electron acceptor. This has been called the free radical leak (FRL). I was able
to calculate the FRL when succinate was a substrate (from data in Table 4-1 and Figure
4-3) for all measured rates greater than zero. My FRL is based on electron leakage at
complex I through reverse electron flow and on electron leakage at complex III through
forward electron transport. Oxygen consumption measurements were carried out in the
presence of the complex I inhibitor rotenone. Importantly, rotenone does not affect
mitochondrial respiration when using succinate as a substrate (Dargel, 1974; Hinkle and
Yu, 1979).

All FRL averages showed high intra-specific variability. The free radical leak ranges
from 0.02% in Japanese quail liver to 1.25% in budgerigar skeletal muscle, but shows
no longevity-specific pattern, as found with mitochondrial ROS production relative to
mitochondrial protein (Figure 4-4).
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Figure 4-4: Free radical leak (FRL) of succinate-supplemented heart, skeletal muscle
and liver mitochondria of short-living quails and long-living parrots. The FRL is the
percentage of electrons that leak out of sequence during mitochondrial respiration
towards the production of superoxide. The FRL was calculated only when hydrogen
peroxide production was greater than zero. Shown are means ± SEM, n=6 for
budgerigars, n=8 for king quails and lovebirds, n=9 for cockatiels and n=10 for
Japanese quails (exceptions: lovebird heart n=3 and skeletal muscle n=5, budgerigar
heart n=2 and skeletal muscle n=3). Bars without a common letter are significantly
different (p<0.05). KQ = king quails, JQ = Japanese quails, B = budgerigars, LB =
lovebirds, and C = cockatiels.

4.2 Discussion
The common view that mitochondrial ROS production is higher in short-living species
compared to long-living species has been historically based on either bird-mammal (e.g.
Ku and Sohal, 1993; Lambert et al., 2007) or within-mammal comparisons (e.g. Sohal
et al., 1990). To my knowledge, mine is the first study to compare mitochondrial ROS
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production in short-living and long-living birds. The approximately 5-fold range of
MLSP between quails and parrots is similar to the longevity difference in the commonly
used rat-pigeon model. There are published values for five bird species, but only for
isolated heart and liver mitochondria (Barja and Herrero, 1998; Brown et al., 2009;
Lambert et al., 2007). Furthermore, methodological differences between these studies
add to the inherent variance in identifying interspecific differences in ROS production.
The present study reports ROS production by isolated mitochondria from three separate
tissues and by intact erythrocytes for each of five bird species, with all measured using
the same procedures.

Currently seven sites of superoxide production have been identified in mitochondria
with the respiratory chain complexes I and III having the greatest maximum capacities
for ROS generation (Brand, 2010). However, complex III produces high rates of
superoxides only in the presence of the complex III-inhibitor Antimycin A (Chen et al.,
2003; Liu et al., 2002). I determined and compared the production of primary ROS in
the absence and presence of Antimycin A and found an increase in superoxide
generation as described before (Barja, 1998; Brown et al., 2009; Herrero and Barja,
1997), confirming that complex III does not produce maximum rates of superoxides
under physiological conditions.

The high rates of ROS production by heart mitochondria in short-living rats compared
to long-living pigeons have been suggested to be due to higher complex I content of the
rat mitochondria compared to pigeon mitochondria (Lambert et al., 2007; St-Pierre et
al., 2002). Such differences in complex I content may be a general characteristic of
mammal versus bird mitochondria, as it also has been demonstrated in brain
mitochondria from short-living mice compared to long-living budgerigars and canaries
(Pamplona et al., 2005). Because I did not measure the content of mitochondrial
respiratory chain complexes, I do not know how these varied between the species I
studied and contributed to the interspecific differences in ROS production I measured.
There is a considerable variation in the magnitude of mitochondrial „in vitro‟ ROS
production reported in the literature, and my values are lower than most of these
findings, but very similar to those reported by St Pierre et al. (2002). Based on my
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measurements, I did not find any pattern between mitochondrial ROS production and
longevity among the 5 species. Another indicator of pro-oxidative potential is the
relative amount of ROS formed per unit of oxygen consumed. Early studies suggested
that up to 4.4% of mitochondrial electron transport is diverted to produce superoxides
(Herrero and Barja, 1997). These early estimates have been proven to be excessive, with
more recent studies reporting values in the range of 0.15 to 1.0% (Gomez et al., 2009;
Hansford et al., 1997; Lopez-Torres et al., 2002; St-Pierre et al., 2002). The FRL values
I found in parrots and quails are within the range of these more realistic measurements.
The similar FRL and mitochondrial ROS production rates in the parrots and quails raise
doubts about the importance of ROS generation in lifespan differences among these bird
species.

A justified criticism of measuring ROS production in isolated mitochondria is the
uncertainty of how well the „in vitro‟ conditions duplicate the „in vivo‟ conditions of the
mitochondria being measured. Therefore, it is a major advantage to measure ROS
production in intact cells using fluorescent probes, which target the mitochondrial
matrix. The traditional approach, described by Barja (2002), measures extramitochondrial hydrogen peroxide in the assay medium, but is unlikely to measure the
complete mitochondrial production of superoxide. Superoxide does not cross the
mitochondrial inner membrane and thus traditional methods of measuring mitochondrial
ROS production must assume that superoxide dismutase in the mitochondrial matrix
fully converts matrix superoxide to H2O2, which then diffuses to the extramitochondrial medium for determination. Because of the kinetics associated with this
two-step process, this method will tend to underestimate the actual rate of mitochondrial
production of superoxide (i.e., that released to the mitochondrial matrix). It will also not
measure any matrix H2O2 that is (1) removed by peroxidases, and (2) removed nonenzymatically. Although commonly described as measuring total mitochondrial ROS
production, the method does not measure secondary ROS products such as those formed
by peroxidation of mitochondrial membrane polyunsaturated fatty acids by superoxides
and H2O2.
Mitochondrial matrix enzymes such as glutathione peroxidases (GPx) consume
hydrogen peroxide leading to an underestimation of the rates of superoxide generation
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when using the Barja technique. Treberg et al. (2010) assessed this underestimate by
depleting matrix glutathione in rat skeletal muscle mitochondria. The glutathione
depletion compromised GPx activity and elevated H2O2 production up to two-fold.
Besides the enzymatic decomposition of H2O2 in the mitochondrial matrix, hydrogen
peroxide is also converted non-enzymatically to hydroxyl radicals via the Fenton
reaction (Halliwell and Gutteridge, 2007). The purpose of my study was to quantify the
levels of oxidative stress in relation to differences in maximum lifespan. As I am not
interested in the absolute levels of superoxide generation, but in the differences for the
potential of oxidative damage between short-living and long-living species, the
enzymatic decomposition of H2O2 by GPx to water does not affect my interpretation of
the ROS patterns observed. However, I did not assess the potential for the nonenzymatic conversion of H2O2 to the very harmful hydroxyl radicals. A lack of
differences in hydrogen peroxide production between parrots and quails does not
necessarily mean there is no difference in hydroxyl radical generation which might
influence a species maximum lifespan. In my view, future studies examining ROS
production as a determinant of aging and MLSP would benefit by concentrating on the
development of techniques measuring hydroxyl radical production in isolated
mitochondria.

An advantage in studying birds and reptiles is that their erythrocytes are nucleated and
possess mitochondria (Alberio et al., 2005), This makes them amenable for determining
erythrocyte mitochondrial ROS production under conditions closer to the 'in vivo'
situation, as has been determined previously in reptiles (Olsson et al., 2009; Olsson et
al., 2008). In the bird erythrocytes I studied, fluorescent dyes were used that readily
enter live cells and which target the mitochondria (Koppers et al., 2008; Olsson et al.,
2009). Thus it is possible to measure mitochondrial ROS production in response to
physiologically relevant changes in substrate supply and energy demand in intact cells. I
used a similar methodological approach as in the reptile studies and determined
hydroxyl radical and peroxynitrate as well as superoxide production in parrots and
quails. Superoxide is produced at approximately equal rates in erythrocytes of parrots
and quails. The small differences in superoxide generation between bird species occur
through mechanisms that are independent of mitochondrial membrane potential. Despite
their long lifespan, parrot erythrocyte mitochondria did not produce lower amounts of
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reactive oxygen intermediates (hydroxyl radicals and peroxynitrate) in comparison to
quail erythrocytes. These results substantiate my conclusion that differences in ROS
production are not responsible for lifespan variation in these bird species.
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Chapter 5: The long life of birds: Are antioxidants
involved?

5.1 Results
This chapter describes and discusses the relationship between antioxidant levels and
maximum lifespan in the five parrot and quail species. I determined total antioxidant
status, as well as a variety of enzymatic (SOD, GPx and CAT) and non-enzymatic
antioxidants (Uric acid and GSH) in plasma, liver, heart and skeletal muscle. In the
following figures, the antioxidant levels are expressed on a „per mg of protein‟ basis. To
highlight the intensity of antioxidant protection within a tissue and to allow for a better
comparison to the rat-pigeon study, all antioxidants in liver, heart and skeletal muscle
are also expressed using „per g of tissue‟ as a denominator (see Table 5-1).

Before summarizing relations between MLSP and measured variables, I call attention to
the use of species averages for all correlation analyses instead of using a multi-level
approach that considers individuals as nested components. Although the latter method is
more likely to identify significant correlations, it is also biased in producing these more
often when variance is high. I have therefore chosen a statistically conservative
approach, with the consequence of reducing the likelihood of finding significant
relations between measurement variables and MLSP. I have therefore identified both
statistically significant and near-significant correlations in the text and figures.

5.1.1 Antioxidant levels in plasma
I measured total antioxidant capacity of plasma using two different methodological
approaches: TAC (total antioxidant capacity) and FRA (ferric reducing ability).
Whereas in the TAC assay the antioxidant system is challenged via the production of a
hydrogen radical and the total antioxidant response against this radical is measured
(Erel, 2004), the FRA assay utilizes the ability of reductants, in this case biological
antioxidants, to reduce ferric ions (Benzie and Strain, 1996). As each approach
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measures only certain antioxidant molecules and, therefore, has its limitations (Prior and
Cao, 1999), both assays were carried out on all plasma samples.

The results for both TAC and FRA are depicted in Figure 5-1. Both assays show that
plasma total antioxidant capacity does not correlate with maximum lifespan of birds,
although the FRA assay tends towards a negative correlation (p=0.06).

Reduced glutathione and uric acid are important non-enzymatic antioxidants and both
show a trend towards a negative correlation with MLSP (p=0.052; Figure 5-1B and C,
respectively). Both antioxidants are the main reactants in the FRA assay and the slightly
negative correlation of FRA and maximum lifespan is lost when the uric acid and GSH
contributions are subtracted. Although the FRA assay (as well as the TAC assay) are
used to measure the total antioxidant response of a system, differences in values
between species are mainly due to differences in a small number of antioxidants and do
not truly reflect a total antioxidant response.

The activities of SOD, GPx and CAT enzymes were measured to obtain insights into the
capacity of plasma to degrade superoxide and H2O2. Whereas SOD and GPx levels are
similar in all bird species I examined, CAT levels show a trend towards a negative
correlation with MLSP (Figure 5-1). As I was interested in the functional aspects of a
tissue‟s antioxidant mechanisms, I did not differentiate between different enzyme
isoforms (e.g., different SOD enzymes).
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Figure 5-1: The relationship between plasma antioxidant levels and maximum lifespan potential (MLSP) of quails and parrots is shown.
(A) Total antioxidant capacity (TAC) and ferric reducing ability (FRA), (B) uric acid, (C) reduced glutathione, (D) superoxide
dismutase, (E) glutathione peroxidase, and (F) catalase. Shown are means ± SEM, n=6 for budgerigars, n=8 for king quails and
lovebirds, n=9 for cockatiels and n=10 for Japanese quails. For statistical analyses see method section. A = king quails, B =
Japanese quails, C = Budgerigars, D = Lovebirds, E = Cockatiels.
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5.1.2 Antioxidant levels in tissues
Previous studies of tissue antioxidants often use different denominators to express their
results, most commonly either „per mg protein‟ or „per g tissue‟ (Andziak et al., 2005;
Cutler, 1984b). Species may vary in the protein content of their tissues and
consequently the choice of the denominator might affect interpretation of the data.
Therefore, I determined the protein content of liver, heart and skeletal muscle (Table 51) and present all antioxidant values on a „per mg of protein basis‟ in Figure 5-2,
Figure 5-3 and in Figure 5-4 and on a „per g of tissue‟ basis in Table 5-1. Tissue
protein content in the birds examined tended to increase with MLSP in heart and
skeletal muscle, but only liver protein content showed a significant, but negative,
correlation with lifespan (Table 5-1).

Total antioxidant capacity of liver, heart and skeletal muscle was only determined using
the FRA assay. In the liver, total antioxidant capacity as well as GSH do not correlate
with maximum lifespan, either on a „per mg protein‟ (Figure 5-2) or on a „per g tissue‟
(Table 5-1) basis. Examining the enzymatic antioxidants in liver, it was only
glutathione peroxidase that tended to have a positive correlation with MLSP (P=0.08;
Figure 5-2). On a “per g of tissue” basis, catalase, SOD and GPx showed no tendency
to correlate with MLSP (Table 5-1).

In the heart and in skeletal muscle, the same antioxidants were examined as in the liver,
with none of them correlating with MLSP on either „per mg of protein‟ (Figure 5-3 and
Figure 5-4) or „per gram of tissue‟ bases (Table 5-1). As in liver, however, skeletal
muscle glutathione peroxidase levels tended to increase with MLSP (P=0.1; Figure 54).
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Figure 5-2: The relationship between liver antioxidant levels and maximum lifespan potential (MLSP) of quails and parrots is shown.
(A) Ferric reducing ability, (B) reduced glutathione, (C) superoxide dismutase, (D) glutathione peroxidase, and (E) catalase. Shown are
means ± SEM, n=6 for budgerigars, n=8 for king quails and lovebirds, n=9 for cockatiels and n=10 for Japanese quails. For statistical
analyses see method section. A = king quails, B = Japanese quails, C = Budgerigars, D = Lovebirds, E = Cockatiels.
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Figure 5-3: The relationship between heart antioxidant levels and maximum lifespan potential (MLSP) of quails and parrots is shown.
(A) Ferric reducing ability, (B) reduced glutathione, (C) superoxide dismutase, (D) glutathione peroxidase, and (E) catalase. Shown are
means ± SEM, n=6 for budgerigars, n=8 for king quails and lovebirds, n=9 for cockatiels and n=10 for Japanese quails. For statistical
analyses see method section. A = king quails, B = Japanese quails, C = Budgerigars, D = Lovebirds, E = Cockatiels.
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Figure 5-4: The relationship between skeletal muscle antioxidant levels and maximum lifespan potential (MLSP) of quails and parrots
is shown. (A) Ferric reducing ability, (B) superoxide dismutase, and (C) glutathione peroxidase. Shown are means ± SEM, n=6 for
budgerigars, n=8 for king quails and lovebirds, n=9 for cockatiels and n=10 for Japanese quails. For statistical analyses see method
section. A = king quails, B = Japanese quails, C = Budgerigars, D = Lovebirds, E = Cockatiels.
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Table 5-1: Maximum lifespan (MLSP), body mass, tissue protein content and levels of enzymatic and non-enzymatic antioxidants in parrots and
quails
Parameter
MLSP (years)
Body mass (g)
Number animals used
Protein
(mg total protein/g tissue)

Tissue

Liver
Heart
Muscle

King quail
5
45.4±1.0 A
8
231±95 A
150±24 A
265±115 A

Japanese quail
6
221.2±9.3 B
10
195±26 A
106±25 A
164±51 A

Budgerigar
21
26.0±0.7 C
6
149±26 A
326±24 B
599±92 B

Lovebird
25
48.9±0.8 A
8
144±25 A
159±9 A
197±30 A

Cockatiel
35
83.2±2.3 D
9
99±14 A
347±62 B
395±52 B

Correlation with MLSP

Ferric reducing ability
(mmol Fe(II)/g tissue)

Liver
Heart
Muscle

18.4±2.4 A
6.0±0.6 AB
2.3±0.4 A

4.2±0.7 BC
1.6±0.5 A
1.2±0.2 A

11.3±1.3 ABC
12.2±2.7 B
6.2±0.4 B

16.0±3.7 A
8.1±1.6 AB
2.3±0.3 A

2.7±0.5 BC
6.9±1.5 B
4.0±0.6 C

N.S.
N.S.
N.S

Reduced glutathione
(umol/g tissue)

Liver
Heart

2.7±1.1 A
2.3±0.5A

3.1±0.7 A
2.3±0.4 A

1.4±0.3 B
1.7±0.6 A

3.0±0.3 A
10.9±2.5 B

N.S.
N.S.

Liver
Heart
Muscle

6557±1035 A
102.8±59.5 A
9444±2042 A

578.1±123.7 B
1011±154 B
394.2±157.0 B

3613±1158 C
51.6±17.2 A
3116±730 D

431.2±95.3 B
1854±594 B
27051±1137 C

N.S.
N.S.
N.S.

p=0.006, r=-0.94)
N.S.
N.S

Non-enzymatic antioxidants

Enzymatic antioxidants
Superoxide dismutase
(U/g tissue)

3122±1020 C
37.5±13.1 A
13188±5661 AC

Liver
612.8±132.7 A
207.7±24.6 A
1117±267 B
533.2±133.8A
436.0±21.7 A
N.S.
A
B
C
D
Heart
4678±1923
312.9±36.6
9582±2824
1059±172
4653±1552A
N.S.
Muscle
507.8±172.2 AB 166.4±15.4 A
1508±235 C
345.8±34.9 A
958.3±152.1 B
N.S.
Catalase
Liver
7438±1928 A
1544±229 B
364.2±54.4 C
620.4±157.6 C
N.S.
(U/g tissue)
Heart
3983±1591 A
694.2±162.1 B
399.5±51.4 B
2037±509 A
N.S.
All values are expressed as means ± SEM. Values for each antioxidant without a common superscript are significantly different (p<0.05). See methods for statistical analysis.
Glutathione peroxidase
(U/g tissue)
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5.2 Discussion
The overall conclusion from this study is that antioxidant defences do not explain the
long life of parrots. Whether expressed „per mg protein‟ or „per g tissue‟, the majority
(80%) of the antioxidant defences measured showed no correlation with MLSP. The
remaining antioxidants divided equally between both positive and negative correlations
with MLSP. The antioxidant systems that were highest in parrots favoured glutathione
peroxidase, whereas those that were lower emphasized catalase and reduced glutathione.

My findings are similar to those of previous studies comparing antioxidants in
vertebrates, which also show a mixture of positive, negative and no correlations with
maximum lifespan (Cohen et al., 2008; Cutler, 1984a, b, 1985; Lopez-Torres et al.,
1993; Perez-Campo et al., 1998). Contrary to many early expectations, the majority of
studies find lower overall antioxidant capacities in long-living species. As short-living
animals are believed to suffer from a higher oxidative stress than long-living species,
this might lead to the conclusion that high antioxidant levels mirror high rates of free
radical production. In this interpretation, high antioxidant levels would reflect high
oxidative stress levels and could be used as indirect markers of cellular and
mitochondrial ROS production.

In many physiological comparisons, enzyme activities and tissue composition are
commonly expressed using either „per mg of protein‟ or „per g of tissue‟, but
rarely both. As protein content „per g of tissue‟ can differ inter-specifically, as it is the
case in my study, between species comparisons based on „per unit protein content‟ may
be misleading. Overall, it is more physiologically relevant as to how highly
concentrated an antioxidant is within a specific amount of tissue, as the more
„molecules‟ within a cell/tissue, the better is the protection of that tissue overall against
oxidants, and this is independent of the protein content of this tissue. Furthermore, the
majority of antioxidants, especially the enzymatic antioxidants, are proteins themselves.
Because I failed to find a consistently significant correspondence between antioxidant
defences or amounts of oxidatively damaged products on a tissue mass-specific basis, I
believe this casts further doubt on the relevance of the oxidative stress theory of aging.
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It is functionally appealing to measure total antioxidant capacity (TAC) rather than the
activity of individual antioxidants, because TAC measures both the summation of single
antioxidants effects, as well as their synergistic and antagonistic interactions (Cohen et
al., 2007). A good example demonstrating antioxidant interactions is alpha-tocopherol,
which in the absence of ascorbic acid (Niki and Noguchi, 2004) or bilirubin (Neuzil and
Stocker, 1994) can have pro-oxidant effects and cause oxidative damage. The FRA and
TAC assay respond to different aspects of a tissue‟s total antioxidant system. The FRA
assay measures mainly the activity of low-molecular weight molecules, such as uric
acid, alpha-tocopherol, ascorbic acid and bilirubin (Benzie and Strain, 1996,
Janaszewska and Bartosz, 2002). The FRA of plasma showed a non-significant negative
correlation with MLSP, likely due to uric acid and reduced glutathione. In the TAC
assay, an antioxidant system is challenged via the production of a radical which is
removed both by small molecular-weight antioxidants and through oxidative damage to
macromolecules (Erel, 2004).

It is arguable whether those assays measuring total antioxidant capacity that include
damage to macromolecules are truly measuring total antioxidant defences. The results
of such assays are often expressed in “equivalent antioxidant units”. In the assay I have
used (see Figure 5-1A) TAC which is expressed as “Trolox equivalents”. Proteins are
the main antioxidant component determined in the TAC assay, especially in plasma
where proteins are present in high concentrations, and it is suggested the sulfhydryl
groups of their amino acids are mainly responsible for their antioxidant function (Erel,
2004). Are such proteins really equivalent to vitamin E (an antioxidant that can be
easily regenerated)? Should they be considered as antioxidants? It is hard to define the
term antioxidant. A broad definition of an antioxidant could be “any substance that,
when present at low concentrations compared with those of an oxidisable substrate,
significantly delays or prevents oxidation of that substrate” (Halliwell and Gutteridge,
2007). Taking this definition into account, proteins do indeed have antioxidant capacity,
however they get damaged during the interaction with ROS, and have to be repaired or
degraded, both being an energetically expensive process. Despite their incidental
antioxidant function, proteins damaged by ROS increase the levels of oxidative damage
and might therefore not be beneficial at all. The same principle might also apply to other
macromolecules capable of oxidative damage. For example, because avian red blood
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cells are nucleated, measurement of plasma TAC in birds likely also includes damage to
erythrocyte DNA and thus this macromolecule, like plasma proteins, would also be
included as an antioxidant by such an assay. Furthermore, uric acid is a major
component measured in the TAC assay. Although the TAC assay has the advantage of
being a functional measure, different antioxidants (such as uric acid) exhibit different
kinetics in the TAC reaction complicating the interpretation of the results, especially in
birds where plasma uric acid content is high and varies dramatically between species
(Cohen et al., 2007). I have tried to circumvent this problem by also measuring a variety
of individual antioxidants.

Uric acid is an important scavenger of singlet oxygen and other radicals (Ames et al.,
1981; Cutler, 1984b) and is responsible for up to 90 percent of the variation in plasma
total antioxidant capacity between bird species (Cohen et al., 2007). Furthermore, uric
acid is able to form stable complexes with ferrous or ferric ions, protecting tissues and
extracellular surroundings from these radical generators (Davies et al., 1986). I
demonstrated a trend towards negative relationship of uric acid with MLSP. Assuming
that high antioxidant protection might be an indirect marker of high oxidative stress
levels, this might indicate lower levels of oxidative stress in parrots.

Whereas uric acid is likely to be the first line of defence against oxygen radicals in
extracellular fluids, in tissues it is the SOD enzymes that are likely the first line of
antioxidant defence against damage by ROS (Halliwell, 1999). I found no correlation
between SOD activities in any tissue (as the negative correlation in the heart is only
weak) and maximum lifespan. My finding in birds agrees to a previously shown lack of
correlation between SOD activities in liver, brain and heart and MLSP in mammals
(Tolmasoff et al., 1980).

The tripeptide GSH, being the co-substrate for both glutathione peroxidases and
glutathione-S-transferases, is important in the detoxification of endogenous molecules
and in the protection against oxidative damage (Kaplowitz, 1980; Wendel and Cikryt,
1980). The most consistent positive relationship with MLSP was for GPx.
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High GPx activities are expected to protect against the production of hydroxyl radicals
from hydrogen peroxide via the Fenton reaction, whereby the non-enzymatic reaction of
hydrogen peroxide and transition metals favours the formation of hydroxyl radicals,
which are extremely reactive and will damage the first molecule they encounter
(Halliwell and Gutteridge, 2007). The high GPx activities in the parrots might therefore
reflect precautionary mechanisms to guard against production of hydroxyl radicals, or
be a response to inherently high levels of oxidative stress associated with high
production rates of hydrogen peroxide and lipid hydroperoxides. Because the relatively
higher GPx activities in liver and muscle of parrots were accompanied by high lipid
hydroperoxide levels, I interpret this as further evidence of high oxidative stress levels
in these tissues of parrots.

Catalase is an important antioxidant enzyme as it is involved in the decomposition of
H2O2 (but not other hydroperoxides) and has one of the highest turnover rate of all
enzymes (Evans, 1907). Unlike the GPx activity, catalase tends towards a negative
correlation with maximum lifespan among my birds, which raises the question as to
whether this difference has functional significance. In this respect it is of interest that in
mammalian (De Duve and Baudhuin, 1966; Deisseroth and Dounce, 1970) and avian
cells (Scott et al., 1969) catalase is predominantly found in peroxisomes. Peroxisomes
are the site of the final synthetic step of highly polyunsaturated fatty acids, such as
DHA. These 22-carbon PUFA result from a single cycle of beta-oxidation of a 24carbon PUFA (Sprecher, 2000). The process of beta-oxidation in peroxisomes differs
from beta-oxidation in mitochondria in that in the process in peroxisomes hydrogen
peroxide is produced as a by-product, whereas in mitochondria H2O is the by-product
(Alexson and Cannon, 1984). Differences in catalase levels between parrots and quails
might therefore not necessarily mirror differences in mitochondrial ROS production, but
more likely differences in PUFA synthesis.

Overall, my results on antioxidant activities in the birds studied show these measures to
be poor predictors of MLSP. While there may be some concern that the diet I provided
to all birds affected their antioxidant capabilities by not allowing them to choose foods
they would encounter in free-living situations, I do not believe any birds were dietarily
constrained. The experimental diet was common to all birds in this study. It was

133

carefully designed and contained a full complement of pertinent amino acids, trace
minerals, and vitamins in amount known to sustain both groups of birds. Furthermore,
my findings are consistent with the outcomes of genetic manipulation of antioxidant
capacity in mice (reviewed by Perez et al., 2009b) and C. elegans (reviewed by Gems
and Doonan, 2009) that show minimal effect on MLSP. In contrast, improvement of the
antioxidant defence systems has positive effects on age-related disease models by
decreasing disease progression or severity. Oxidative stress and antioxidants may
therefore have stronger effects on healthy aging rather than lifespan extension (see
Salmon et al., 2010). In this context, rather than concentrating on how alteration of
single antioxidants influences MLSP, it may be more beneficial to consider how
oxidative stress generally affects physiological processes by examining the signalling
networks that manage antioxidant and ROS levels in vivo (for review see Muller et al.,
2007).
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Chapter 6: Metabolic rate and membrane fatty acid
composition in birds: a comparison between long-living
parrots and short-living fowl
6.1 Results
This chapter describes both the basal metabolic rate and the fatty acid composition of
tissue phospholipids (in seven tissues) of the five parrot and quail species. Because of
their differences in their reliance on flight for locomotion, I have compared both flight
muscles (pectoral muscle) and non-flight muscles (leg muscle). For two tissues
(pectoral muscle and liver) I have also compared the fatty acid composition of
mitochondrial phospholipids with that of total tissue phospholipids.

6.1.1 Maximum lifespan and basal metabolic rate in birds
The maximum lifespan and basal metabolic rate of parrots and quails is presented in
Figure 6-1. The maximum lifespan for the parrots ranged from 21y (budgerigar) to 35y
(cockatiel) with an average MLSP of 27y, while the average for the quail species was
5.5y, which represents an approximately 5-fold longevity difference. Contrasted to this
large longevity difference there was no parrot-quail difference in BMR. The budgerigars
have the highest mass-specific BMR (data from Weathers and Schoenbaechler (1976)
due to technical problems with my measurements), but this is expected as they have the
smallest mass, Apart from the budgerigar, I found no statistical difference in BMR of
the species I measured.
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Figure 6-1: Maximum lifespan potential (MLSP) and basal metabolic rate (BMR) of
the parrots and quails. The dotted lines represent the average of the three parrot species
(parrot average) and two quail species (quail average) for both MLSP and BMR. For
BMR, shown are means ± SEM, n=8 for king quails and lovebirds, n=9 for cockatiels,
and n=10 for Japanese quails. The budgerigar BMR value was taken from Weathers and
Schoenbaechler (1976). Bars without a common letter are significantly different
(p<0.05). For individual MLSP values please refer to Table 2-1. The BMR species
means and SEM (in ml O2/g/h) are: cockatiel 1.49±0.06, lovebird 1.48±0.05, budgerigar
1.96±0.09, Japanese quail 1.24±0.06, king quail 1.34±0.10.

6.1.2 Tissue phospholipid fatty acid composition
The fatty acid composition data have been divided into two groups. Figure 6-2 presents
the data for those tissues (heart, leg muscle, kidney, brain and erythrocytes) in which
only total tissue phospholipids were analysed. Figure 6-3 presents the data for pectoral
muscle and liver in which both total tissue and mitochondrial phospholipids (from the
same individual birds) were analysed separately.

The membrane fatty acid composition (percent of total fatty acids) is presented as
saturated (SFA), monounsaturated (MUFA), n-6 polyunsaturates (n-6 PUFA) and n-3
polyunsaturates (n-3 PUFA) in the left-hand graphs. The corresponding PI values for
these membrane fatty acids are presented in the right-hand graphs in the same figures.
Statistically significant differences in fatty acid composition between long-living parrots
and short-living quails in fatty acid composition are shown between the left-hand and
right-hand panels of these figures. The specific fatty acid composition for each tissue
and bird species is presented in a supplementary table (Supplementary table 4).
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In general, there were minimal differences in membrane fatty acids between parrots and
quails. Most tissues had similar proportions of fatty acid subtypes, except the brain
phospholipids, which contained a relatively low n-6 PUFA and high n-3 PUFA content
compared to other tissues in all species (Figure 6-2). To determine if there were any
fatty acid differences related to longevity, values for parrots as a whole were statistically
compared to those for quails. This analysis revealed that parrot tissues had a higher
MUFA content (in leg muscle, kidney and erythrocytes) and a lower total PUFA content
(in heart, leg muscle and kidney) in comparison to the short-living quails. In all three
tissues, the low total PUFA content was due to a low concentration of n-6 PUFA, and in
the kidney also because of a low n-3 PUFA content. Interestingly, the hearts from
parrots had a high n-3 PUFA content in contrast to their other tissues. The parrot brain
exhibited a low MUFA, a high n-6 PUFA and low n-3 PUFA content, with no
difference in total polyunsaturates.

The relative absence of differences in the fatty acid composition comparing long-living
parrots to short-living quails is also apparent in the comparison of peroxidation indices.
The PI values were lowest in erythrocytes (average value = 101), and highest in the
brain (average value = 192) (Figure 6-2). This is primarily related to differences in the
phospholipid content of the most highly polyunsaturated fatty acid (docosahexaenoic
acid; DHA) (see supplementary table 4).
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Figure 6-2: Tissue phospholipid fatty acid composition (left-hand graphs) and the
peroxidation index (PI) (right-hand graphs) of heart, leg muscle, kidney, brain and
erythrocytes of the parrot and quail species. The fatty acid composition (mol %) is
shown as saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), n-6
polyunsaturated fatty acids (n-6 PUFA) and n-3 polyunsaturates (n-3 PUFA).
Significant differences in fatty acid sub-types between parrots and quails are shown in
between the left-hand and right-hand graphs, with p<0.05 (*), p<0.01 (**) and p<0.001
(***). No longevity patterns are present in PI. For PI, bars without a common letter are
significantly different (p<0.05). Shown are means ± SEM, n=6 for budgerigars, n=8 for
king quails and lovebirds, n=9 for cockatiels, and n=10 for Japanese quails.
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6.1.3 Comparison of tissue and mitochondrial phospholipid composition
Similarly to the phospholipids from the other tissues, there was little difference between
parrots and quails in fatty acid sub-types of pectoral muscle and liver total
phospholipids, nor was there any substantial difference of fatty acid composition in
mitochondrial phospholipids (Figure 6-3). The PI values were very similar in parrots
and quails, both for total phospholipids and for mitochondrial phospholipids. A
statistical comparison regarding longevity-related patterns in fatty acid sub-types
revealed that parrot liver had a higher SFA content, more n-6 PUFA and less n-3 PUFA
than quail liver. This PUFA distribution was also observed in mitochondrial
phospholipids. Whereas longevity-related patterns were absent in pectoral muscle
tissue, pectoral muscle mitochondria had a higher MUFA and lower n-6 PUFA content
in the parrots in comparison to quail pectoral muscle mitochondria.

In examining the fatty acid composition and PI of mitochondrial phospholipids with
tissue phospholipids, I noted that both pectoral muscle and liver mitochondria have
more n-6 PUFA and less n-3 PUFA than the respective total tissue phospholipids across
all birds I studied. This relative exclusion of n-3 PUFA in pectoral muscle
mitochondrial membranes compared to those from whole tissue was statistically
significant in king quail, Japanese quail and cockatiels and in liver mitochondria of king
quail and lovebirds, and was also observed in cockatiels (p=0.05 for n-6 PUFA and
p=0.08 for n-3 PUFA). In liver phospholipids, mitochondria also exhibited a higher
MUFA content in comparison to whole tissue, in all birds as a whole as well as in king
quail and lovebirds.

As parrots and quails have different extents of reliance on flight, the comparison of the
pectoral muscle phospholipid composition as a choice of the birds‟ skeletal muscle
tissue might seem inappropriate. However, a comparison of the tissue membrane fatty
acid composition of pectoral muscle (Figure 6-3) and leg muscle (Figure 6-2) and of
the peroxidation indices of those two tissues (see Figure 6-4) revealed that both skeletal
muscle tissues are very similar in these characteristics.
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Figure 6-3: Tissue and mitochondrial phospholipid fatty acid composition (left-hand
graphs) and the peroxidation index (PI) of total tissue and mitochondrial phospholipids
(right-hand graphs) of pectoral muscle and liver of the parrot and quail species. The
fatty acid composition (mol %) is shown as saturated fatty acids (SFA),
monounsaturated fatty acids (MUFA), n-6 polyunsaturated fatty acids (n-6 PUFA) and
n-3 polyunsaturates (n-3 PUFA). Significant differences in fatty acid sub-types between
parrots and quails are shown in between the left-hand and right-hand graphs, with
p<0.05 (*), p<0.01 (**) and p<0.001 (***). No longevity patterns are present in PI. For
PI, bars without a common letter are significantly different (p<0.05). Shown are means
± SEM, n=6 for budgerigars, n=8 for king quails and lovebirds, n=9 for cockatiels, and
n=10 for Japanese quails.
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6.2 Discussion
Birds, in general, live twice as long as similar-sized mammals, which was first shown
by Lindstedt and Calder (1976). Holmes et al. (2001) later pointed out that differences
in metabolic rate between birds and mammals could not explain the observed longevity
differences. I compared similar-sized parrots and fowl, which exhibit, on average, a 5fold difference in maximum lifespan. Similar to the bird-mammal longevity differences,
my results show that the large longevity difference between the parrots and quails is not
related to differences in BMR. Birds and mammals have a similar inverse relationship
between MLSP and BMR, but the elevation of the bird relationship is higher (Hulbert et
al., 2007). Using the regression equation describing this relationship in birds, both quail
species are predicted to have a lifespan of 13 years based on their BMR, while parrots
are predicted to have a maximum lifespan of 11 to 12 years. Thus, the quail live
approximately half as long while parrots live two to three times longer than predicted
from the relationship between bird BMR and MLSP.

One of the main goals of this study was to determine whether membrane fatty acid
composition varied in a manner that might help explain differences in MLSP among the
birds I studied. An advantage of my experimental design is that fatty acid composition
was measured for both total tissue phospholipids and for phospholipids from
mitochondria isolated from the same individuals. Previous comparisons relating
membrane fatty acid composition to species longevity have depended solely on either
skeletal muscle total tissue phospholipids or on liver mitochondrial phospholipids. Thus
I can examine membrane fatty acid composition in the context of different organs in the
same individuals, in tissues and mitochondria of the same organ, and across species
with different MLSP.

My measurements of PI phospholipids collected from the seven tissues reveal a wide
range of values, from a low average value of 101 in erythrocytes to an average value of
192 in brain tissue. The PUFA in erythrocyte membranes are predominantly n-6 PUFA
(82% of total PUFA) with the highly polyunsaturated n-3 PUFA docosahexaenoic acid
(DHA) being only 2.8% of total fatty acids. In contrast, the brain forms the other
extreme with 46% of total PUFA being n-6 PUFA and a DHA content of 16% of total
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fatty acids. The great variation in membrane composition between tissues reflects
differences in membrane fatty acid regulation, which likely relate to different
performance requirements of cells in these tissues. Although the high omega-3 PUFA
and DHA levels in the brain increase the risk of oxidative damage, DHA is known to
have an important function in brain development, learning ability, and visual acuity
(Picq et al., 2010). On the other side, the pulmonary design of birds means their
erythrocytes are constantly surrounded by high concentrations of oxygen and iron
associated with haemoglobin, two of the major peroxidation catalysts (Clemens and
Waller, 1987). To protect erythrocytes against this high peroxidation potential, birds
have evolved membranes with a very low susceptibility to peroxidation by selecting
fatty acid types, which balance peroxidation risk against the other functional
requirements of that specific tissue.

Another aspect of the PI characteristics of different tissues was the very similar PI of
different locomotor muscles. For my parrot-quail comparison, the PI values for both
pectoral and leg muscle are almost indistinguishable (Figure 6-4), despite parrots
relying mainly on flight and quail mainly on ambulatory locomotion. Examination of
locomotor muscle PI in relation to maximum lifespan shows that parrots correspond
with the relationship describing PI and MLSP in skeletal muscle of mammals (Figure
6-4A) and overlap with PI values reported for other birds with a similar MLSP (Hulbert
et al., 2002a). Furthermore, among the three parrot species, skeletal muscle PI is
inversely related to MLSP. In the liver mitochondria graph (Figure 6-4B), the PI values
for the two parrot species lie within the PI values reported for birds with similar
longevity. In contrast, it appears that the quails have exceptionally lower PI values than
expected for their MLSP (Figure 6-4A). The king and Japanese quails are the shortestliving birds for which the fatty acid composition of skeletal muscle phospholipids has
been reported to date. Apart from the quails, there are data for ruby-throated
hummingbirds (Infante et al., 2001) and western sandpipers (Guglielmo et al., 2002),
which both live approximately 9 years. As can be seen from Figure 6-4A, both these
species have much higher peroxidation indices than those for quails. This suggests that
the two quail species may be unusual in the fatty acid composition of their skeletal
membrane lipids. Whether the quail species are unusual in regard to their membrane
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fatty acid composition, it will be necessary to determine the membrane fatty acid
composition of other non-galliform bird species that live only five years.

Figure 6-4: Relationship of skeletal muscle tissue (A) and liver mitochondrial (B)
peroxidation index (PI) and maximum lifespan potential (MLSP) in mammals and birds.
(A) Regression line is added for mammal hind limb muscle. Pectoral muscle PI values
of previous bird studies, as well as pectoral muscle and leg muscle PI values from the
parrots and quails in this study are superimposed. (B) Regression line is added for
mammalian liver mitochondria. Liver mitochondrial PI values of previous bird studies,
as well as liver mitochondrial PI values from the parrots and quails in this study are
superimposed. For source of previous mammal and bird studies see (Hulbert, 2010). For
skeletal muscle, western sandpiper data (MLSP 9.2y; PI 227) are taken from Guglielmo
et al. (2002).

My characterization of phospholipid composition of both total tissue and mitochondrial
membranes in pectoral muscle and liver of the same individuals permits scrutiny of the
extent of shared characteristics. Although, in general, the fatty acid composition of cell
and mitochondrial membranes is quite similar, mitochondria have a statistically lower
n-3 PUFA content in their membranes. This difference is mainly a result of reduction in
the membrane content of the most highly polyunsaturated n-3 fatty acid, DHA (see
supplementary table 4). Irrespective of MLSP, the mitochondrial membranes of birds
contain significantly lower amounts of DHA in comparison to cell membranes. Given
that DHA has one of the highest peroxidation potentials of fatty acids associated with
animal membranes (Holman, 1954), this would serve well to protect mitochondria from
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the deleterious effects of reactive oxygen species (ROS), which are primarily derived
from superoxide production within the mitochondria.

A similar exclusion of n-3 PUFA in mitochondrial phospholipids relative to tissues
surrounding them was observed previously in mammals and birds. For example,
whereas human total liver phospholipids are reported to contain n-3 polyunsaturates,
they are absent in liver mitochondrial membranes (Hulbert et al., 2010). However, data
for humans are scarce and only limited to the liver. A similar finding was observed in
rat skeletal muscle where mitochondrial phospholipids are less polyunsaturated than
whole tissue phospholipids (Tsalouhidou et al., 2006), and in liver and heart of quails
where mitochondrial membranes exhibit a low DHA content (Gutierrez et al., 2006).

In general, the membrane fatty acid composition for all tissues differed little between
parrots and quails. To minimise possible dietary influences on membrane fatty acid
composition all birds were fed the same diet for at least two months. The small
differences in fatty acid sub-types are therefore species-specific differences and not
diet-induced differences. Although little is known about the mechanisms by which
membrane fatty acid composition is regulated, research in mammals strongly suggests
that membrane fatty acid composition is genetically determined and not strongly
influenced by diet (as long as the diet is not deficient in essential fatty acids). For
example, three strains of mice that differed in longevity, but were fed the same diet and
kept under identical conditions for their lifetime (Miller et al., 2002), differed in
membrane fatty acid composition (Hulbert et al., 2006b). As well, a recent study where
rats were fed 12 different diets that varied widely in fatty acid composition showed that
membrane fatty acid composition was relatively constant and the effect of diet was
minimal (Abbott et al., 2010). In this respect, membrane lipids differ from storage lipids
where fatty acid composition is strongly influenced by diet. The fatty acid composition
values I report here are not dissimilar to published values for tissues from Japanese
quail (Szabo et al., 2006; Szabo et al., 2010) and for budgerigar brains (Pamplona et al.,
2005).

Membrane fatty acid composition is believed to affect MLSP because of the different
susceptibilities of different fatty acids to peroxidative damage. These differences are
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encapsulated in the peroxidation index which, for two sources of phospholipids (skeletal
muscle total phospholipids and liver mitochondrial phospholipids), has been shown to
be inversely related to MLSP in mammals and birds (see Figure 6-4). The PI values I
measured for quails depart from this general pattern (especially for skeletal muscle). As
can be seen from Figure 6-4, there is less membrane fatty acid data available for birds
than for mammals. Although in this study I have added extra bird data, the existing data
set is still not definite enough to ascertain whether birds and mammals show the same
MLSP-PI relationship. Such a conclusion awaits more bird data, both from other tissues
and also from bird species with a wide range of maximum lifespans, especially from
short-living non-galliform bird species.
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Chapter 7: Do differences in oxidative damage reflect
lifespan variation in birds?

7.2 Results
This chapter describes and discusses the levels of tissue oxidative damage in the five
parrot and quail species. DNA damage (8-OHdG) was determined for mitochondrial
DNA of liver and heart and is expressed „per ug of DNA‟. Protein carbonyl levels are
expressed both on a „per mg of protein‟ and on a „per g of tissue‟ basis, whereas lipid
peroxidation products (lipid hydroperoxide and malondialdehyde) are shown on a „per g
of tissue‟ basis.

7.2.1 Mitochondrial DNA damage in heart and liver
King and Japanese quails with maximum lifespans of 5 and 6 years, respectively, have
significantly lower MLSPs than the selected long-living parrot species. The maximum
lifespans of the long-living parrot species are as follows: budgerigars 21 years, rosyfaced lovebirds 25 years, and cockatiels 35 years (Figure 7-1A). To simplify all figures,
the short-living birds are highlighted in black whereas all long-living bird species are
accentuated in a grey colour.

I have measured 8-OHdG levels in isolated liver and heart mitochondria. In the liver, 8OHdG levels are significantly higher in the long-living parrots (Figure 7-1B), whereas
heart mitochondrial DNA damage, measured in only two species (Japanese quails and
cockatiels), is present in a similar concentration in both species (Figure 7-1C).
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Figure 7-1: Maximum lifespan (A) and mitochondrial DNA damage in liver (B) and
heart (C), determined as 8-OHdG levels, in short-living (black bars) and long-living
(grey bars) bird species. Shown are means ± SEM, n=6 for budgerigars (B), n=8 for
king quails (KQ) and lovebirds (LB), n=9 for cockatiels (C) and n=10 for Japanese
quails (JQ). Short-living quails were compared to long-living parrots and significant
differences are highlighted with an asterisks (** when p<0.01; *** when p<0.001).
Individual bird species were also compared. Bars without a common letter are
significantly different (p<0.05).

7.2.2 Whole tissue protein carbonyl levels
I have determined protein carbonyl levels in four tissues (liver, heart, skeletal muscle
and plasma) in all five bird species examined. In all tissues, besides the plasma, I have
calculated the protein carbonyl levels on a „per mg of protein‟ (Figure 7-2A) and on a
„per g of tissue‟ basis (Figure 7-2B). Whereas using „per mg of protein‟ as a
denominator gives insights about the concentration of carbonylated proteins as a
percentage of total protein content, expressing the results on a „per g of tissue‟ basis
highlights the differences in the intensity of protein damage within a tissue.
On a „per mg of protein‟ basis, protein carbonyl levels differ between species in liver,
heart and skeletal muscle, but show no longevity-related pattern, meaning that the
percentage of carbonylated proteins is, on average, similar in short- and long-living
birds (Figure 7-2A). On a „per g of tissue‟ basis (or „per ml‟ in the case of plasma), the
long-living parrots have significantly lower protein carbonyl levels in liver and plasma,
similar levels in the heart, and a higher protein carbonyl concentration in skeletal
muscle (Figure 7-2B).
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Figure 7-2: Protein damage, determined as protein carbonyl levels, in liver, heart, skeletal muscle and plasma of short-living (black
bars) and long-living (grey bars) bird species. In tissues, protein carbonyls were expressed on a „per mg protein‟ basis (A) and on a „per
g tissue‟ basis (B). Shown are means ± SEM, n=6 for budgerigars (B), n=8 for king quails (KQ) and lovebirds (LB), n=9 for cockatiels
(C) and n=10 for Japanese quails (JQ). Short-living quails were compared to long-living parrots and significant differences are
highlighted with an asterisks (* when p<0.05; ** when p<0.01). Individual bird species were also compared. Bars without a common
letter are significantly different (p<0.05).
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7.2.3 Whole tissue lipid peroxidation products
Oxidative damage to lipids was determined by measuring one intermediate (lipid
hydroperoxides) and one end product of lipid peroxidation (MDA). Lipid
hydroperoxides were determined in the liver of two bird species (Japanese quails and
cockatiels) and in plasma of four species. Whereas lipid hydroperoxide levels in the
liver show no longevity-related pattern, the plasma has a significantly higher
concentration in the parrots (Figure 7-3A and B). MDA levels in liver and plasma
differ between individual bird species, but show on longevity-related pattern (Figure 73C and D). Furthermore, parrots have significantly higher MDA levels in heart and
skeletal muscle (Figure 7-3E and F).

Figure 7-3: Lipid peroxidation, determined as lipid hydroperoxide and
malondialdehyde levels, in liver, plasma, heart and skeletal muscle of short-living
(black bars) and long-living (grey bars) bird species. Lipid hydroperoxides were
determined in liver and plasma (A, B), whereas malondialdehyde was measured in liver
(C), plasma (D), heart (E), and skeletal muscle (F). Shown are means ± SEM, n=6 for
budgerigars (B), n=8 for king quails (KQ) and lovebirds (LB), n=9 for cockatiels (C)
and n=10 for Japanese quails (JQ). Short-living quails were compared to long-living
parrots and significant differences are highlighted with an asterisks (* when p<0.05; **
when p<0.01). Individual bird species were also compared. Bars without a common
letter are significantly different (p<0.05).
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7.3 Discussion
The overall conclusion from this study is that the accumulation of oxidative damage
does not explain the high longevity of parrots, when compared to short-living, but agematched and size-matched quails. More than half of the oxidative stress markers
quantified did not differ between short- and long-living birds, and only 13 percent of the
comparisons point towards a lower damage in the long-living species. Lower levels of
oxidative damage in the parrots were only apparent for protein carbonyls, and only
when the results were expressed on a „per g of tissue‟ basis. By contrast, when protein
(„per mg protein‟), DNA, and lipid oxidative damage were determined, there was either
no difference between short-living quails and long-living parrots, or higher damage
indicated in the parrots.

The main reason why the accumulation of oxidative damage was suggested as a
determinant of an animal‟s maximum lifespan, was the observation that oxidative
damage increases with age, both in invertebrates (Agarwal and Sohal, 1994a, b) and in
vertebrates (Sohal et al., 1994). Furthermore, comparative studies also suggested lower
levels and a lower susceptibility to oxidative damage in longer-living animals (Agarwal
and Sohal, 1996; Pamplona and Barja, 2006; Pamplona et al., 2005). More recent
studies on extremely long-living species such as pigeons (Portero-Otin et al., 2004),
naked mole-rats (Andziak and Buffenstein, 2006; Pérez et al., 2009) and bats
(Buffenstein et al., 2008; Wilhelm Filho et al., 2007) contradict these early findings by
showing high levels of protein damage and lipid peroxidation in those species. Due to
these inconclusive findings, researchers in the ageing field have started to question the
importance of cumulative oxidative damage as a general determinant of lifespan
(Buffenstein et al., 2008). My results reinforce this view in finding that the majority of
tissues and biomarkers studied showed either no difference in oxidative damage or even
higher levels in the long-living parrots.

It is important to recognise that measurements of oxidative stress biomarkers in tissue
samples collected at a specific age are the net consequence of a number of interacting
processes associated with ROS damage, damage repair, and removal of damaged
products that precede the sampling point. Because oxidatively damaged molecules may
be quickly repaired or removed from the cellular surroundings, interspecific variation in
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biomarker levels may not be indicative of differences in oxidative stress, but, instead,
differences in repair and removal rates, such as differences in nuclease and proteasome
activities. Portero-Otin et al. (2004) showed a higher protein carbonyl content in the
long-living pigeon than in the short-living rat, which was due to the pigeons having a
lower disposal rate of damaged protein because of lower proteasome activity. My
results suggest that the long life of parrots is not associated with low levels of oxidative
damage. However, as I did not determine repair or removal rates, the actual intensity of
tissue damage by ROS is not known.

Reactive oxygen species attack and damage a variety of biological molecules, especially
at the mitochondrial level. Mitochondria are very vulnerable to oxidative damage due to
their proximity to the radical-generating source, the respiration chain (Wei and Lee,
2002). Mitochondrial DNA has been shown to have higher relative oxidative damage
than nuclear DNA (Agarwal and Sohal, 1994b; Sohal et al., 1994), with suggestion that
mitochondrial DNA is 10-20 times more vulnerable to oxidative damage (Richter et al.,
1988). The susceptibility of mitochondrial DNA to oxidative damage might be
exacerbated by the absence of histones, which leaves it less protected, but the higher
measured damage may also result from lower repair or removal rates (Richter et al.,
1988; Wei and Lee, 2002). The hydroxyl radical is thought to be the main ROS causing
oxidative DNA damage and does so by forming single-strand/double-strand breaks,
cross-links, chromosomal aberrations and sister chromatid exchanges (Hanimoglu et al.,
2007).

Approximately 20 DNA damage products are known (Dizdaroglu, 1985; Fraga et al.,
1990; Halliwell and Aruoma, 1991), with 8-OHdG being the major oxidised base and
therefore a good biomarker for oxidative stress (Dizdaroglu, 1985). Indeed, in both
invertebrates and vertebrates mitochondrial 8-OHdG levels have been shown to increase
with age (Agarwal and Sohal, 1994b; Fraga et al., 1990; Sohal et al., 1994), whereas
age-associated increases in nuclear DNA damage have been debated (Gredilla et al.,
2001; Kaneko et al., 1997; Lopez-Torres et al., 2002). Different methodological
approaches exist to measure 8-OHdG, with GC-MS, HPLC, ELISA and enzymatic
detection, as used in this study, being the most common (Barja and Herrero, 2000;
Collins, 2005; Hanimoglu et al., 2007). Depending on the method used, 8-OHdG levels
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can vary up to 1000-fold, making comparisons about the actual rates of damage almost
impossible (Collins, 2005). This is mainly due to DNA oxidation occurring during the
process of sample preparation (ESCODD, 2002). As I have used the same
methodological approach in all species and tissues, I can assume that a similar rate of
background oxidation occurred in all samples. My results lie within the range of DNA
damage reported previously (Sohal et al., 1994; Takasawa et al., 1993) and show that
long-living birds have higher mitochondrial DNA damage in their liver, but not in the
heart. However, it remains unclear if the high DNA damage in parrot liver mitochondria
is a result of differences in rates of „in vivo‟ ROS production, lower repair or lower
removal.

Proteins are very susceptible to oxidative damage and, unlike the situation for
mitochondrial DNA, protein modifications can result from the attack of both primary
(hydroxyl radicals) and secondary ROS (lipid-derived ROS) (Berlett and Stadtman,
1997). Although ROS-mediated protein oxidation leads to a variety of protein
modifications, protein carbonyls are one of the most common damaged products,
making them useful as oxidative stress biomarkers (Berlett and Stadtman, 1997). I
measured protein carbonyl levels and expressed the results in tissues using two different
denominators: „per mg protein‟ and „per g tissue‟. Using „per mg protein‟ gives insights
about the percentage of proteins in a tissue that have been carbonylated. My results
show that the percentage of carbonylated proteins is similar in short- and long-living
bird species. However, when I expressed the results „per g tissue‟ (or „per ml‟ in the
case of plasma), which highlights the intensity of damage within a tissue, protein
carbonyl levels were significantly higher in parrot skeletal muscle, but lower in liver
and plasma. The high protein damage in skeletal muscle can be ascribed to either higher
oxidative stress levels, to lower repair or lower removal rates such as a lower
proteasome activity.

The other major group of macromolecules that are damaged by ROS are lipids. Similar
to DNA, lipids can be found either in very close proximity to the primary radical source
(as the respiration chain is embedded in a lipid bilayer), or further away as part of other
membranes or as storage fat. Unlike oxidatively damaged proteins that can form
products that are harmless in the sense that they don‟t cause further damage (Levine and
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Stadtman, 2001), lipid peroxidation gives rise to a variety of products that are
themselves very reactive and can attack biological molecules including membrane
proteins and adjacent membrane fatty acids, propagating a chain reaction (Esterbauer et
al., 1991; Hulbert, 2005). This autocatalytic process produces several powerful ROS
(including lipid hydroperoxides and malondialdehyde), which, in my view, are the most
important reactive oxygen species involved in the aging process. I have measured lipid
hydroperoxide and MDA levels, and show either no difference between short- and longliving birds, or even higher levels in the long-living parrots.

I have carefully chosen particular biomarkers to evaluate oxidative damage, but I am
aware of their limitations. For example, although protein carbonyls are commonly used
as an oxidative damage biomarker, not all protein modifications lead to the formation of
carbonyl groups. In the case of methionine, because of its sulfhydryl (-SH) group, it
does not produce a carbonyl product, but instead forms methionine sulfoxide (Brot and
Weissbach, 1991; Moskovitz et al., 2001). I did not measure methionine sulfoxide in
this study, however others have found a negative correlation between the methionine
content in heart and brain and maximum lifespan (Pamplona and Barja, 2006; Pamplona
et al., 2005). Although my measurements of protein damage do not explain longevity
differences between the bird species I studied, it is possible that other markers of protein
damage (alpha-keto acids, dimerization and cross-links) might be higher in the shortliving bird species (Bourdon and Blache, 2001; Negre-Salvayre et al., 2008). The same
uncertainty applies to my measured products of DNA damage and lipid peroxidation.

A potential constraint in interpreting oxidative damage is the interactive and selective
nature of various oxidative damage products. For example, whereas DNA damage
mainly occurs following exposure to primary ROS sources, protein carbonyls can
additionally be formed via reaction reactions with lipid peroxidation products (eg. 4hydroxy-2-nonenal, malondialdehyde) or in glycation and glycoxidation reactions
(Berlett and Stadtman, 1997; Cordis et al., 1998; Pamplona et al., 2005; Valavanidis et
al., 2009). Similarly, lipid hydroperoxides can be formed from all types of
polyunsaturated fatty acids, whereas MDA is primarily the product of peroxidation of a
particular fatty acid (eg. arachidonic acid) (Onyango and Baba, 2010). Consequently,
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the determination of selected markers does not always distinguish or identify actual
rates and sources of oxidative stress.

The measurement of oxidative damage products as markers of ageing may be
ambivalent in invertebrates as well as in vertebrates. Both low temperatures and dietary
restriction extend lifespan in Drosophila (Chapman and Partridge, 1996; Loeb and
Northrop, 1917). In a recent study, Jacobson et al. (2010) used temperature-switches
and food availability-switches to examine the accumulation of a variety of oxidative
damage products. Whereas five oxidized and glycated protein adducts accumulated with
age, but were reversible with both temperature and diet, only one end product was
shown to be a useful marker of aging-related damage (Jacobson et al., 2010).

If I accept that the oxidative stress biomarkers I examined truly reflect levels of damage
by ROS and that these measurements are not systematically biased by underlying interspecific differences in rates of repair and removal, I think it is very unlikely that the
extreme longevity differences between bird species result from differences in their
accumulation of oxidative damage. The lack of consistent pattern in these biomarkers
with respect to differences in MLSP raises questions about the relation between
cumulative oxidative damage and life span determination. In this regard, my perspective
adds to a growing body of evidence that commonly used oxidative stress biomarkers
must be interpreted cautiously (Andziak and Buffenstein, 2006; Jacobson et al., 2010;
Pamplona et al., 1996; Pérez et al., 2009; Portero-Otin et al., 2004).
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Chapter 8: Comparison of different aspects of
oxidative stress in parrots and quails
The main strength of the parrot-quail comparison in examining the oxidative stress
theory of aging is the 5-fold longevity difference between these groups. Consequently, I
would expect substantial differences in the relative size of measured variables between
the parrots and quails and not just statistical significance. For this reason, in Figure 8-1
I have plotted the “average quail value/average parrot value” ratios for the complete set
of pertinent variables I measured. For comparative purposes I have also plotted two
lines in this figure; one for ratio = 1 (i.e. quail average = parrot average) and the other
when the “average quail/average parrot” ratio = 5 (the magnitude of MLSP difference).
For the mitochondrial ROS production, antioxidant and oxidative damage categories, I
have plotted the direct ratio of each “average quail/average parrot” value, because, in
the absence of better knowledge, I have assumed a simple linear relationship between
longevity and the particular parameter (e.g. doubling of ROS production might be
associated with halving of longevity, etc.). By contrast, for the membrane peroxidation
index (PI) category, the values plotted are (average quail/average parrot)3. This
transformation is justified because, unlike the other categories, I already know that the
relationship between membrane PI and longevity is not linear. In a wide variety of birds
and mammals, the PI is proportional to the -0.30 power of MLSP for skeletal muscle
phospholipids, and the -0.36 power of MLSP for liver mitochondrial phospholipids
(Hulbert, 2010). If I assume for tissues in general that PI is proportional to MLSP -0.33,
then such a relationship can be transformed to MLSP being inversely proportional to
PI3. For this reason I have plotted the cube power of the “average quail/average parrot”
ratio for the membrane PI values in Figure 8-1.
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Figure 8-1: “Average quail/average parrot” values for mitochondrial ROS production,
antioxidants, membrane peroxidation index and markers of oxidative damage of the five
quail and parrot species examined. A dotted line was added representing “average
quail/average parrot” value = 1, and a second dotted line represents “average
quail/average parrot” value = 5 because of the, on average, 5-fold longevity difference
between quails and parrots. Significant differences between the average quail and the
average parrot values are highlighted through an asterisk (p<0.05). * For membrane
peroxidation index, the “average quail/average parrot” values were cubed (see
discussion).
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It is obvious from Figure 8-1 that none of the parameters related to the oxidative stress
theory is of similar magnitude to the 5-fold longevity difference between parrots and
quails. For the majority (66%) of the parameters, there is no statistically significant
difference between short-living quails and long-living parrots. For others, some of the
quail values are significantly higher than the parrot values (9%), while for the remainder
(25%) of the comparisons, the parrot values are significantly greater than the quail
values. Interestingly, the pattern of significant differences in the quail and parrot values
point towards a higher ROS production and more oxidative damage in the long-living
parrots than the short-living quails. The category in Figure 8-1 that showed the greatest
variation between quails and parrots were the antioxidants

Levels of SOD are higher in quail heart and liver mitochondria, which suggest higher in
vivo levels of superoxide production in the short-living quails. I can make this statement
as antioxidants are, in the majority of cases, inversely related to MLSP, which has
resulted in the hypothesis that high antioxidant levels are associated with high oxidative
stress (Lopez-Torres et al., 1993; Perez-Campo et al., 1994). Indeed, high antioxidant
enzyme activities are now interpreted to reflect a high level of oxidative stress in the
tissue or animal that is measured.

Whereas the high SOD levels might point towards higher oxidative stress in the quails,
high catalase levels in quail plasma and heart support the idea of short-living species
having membrane fatty acids that are highly polyunsaturated and susceptible to
oxidative attack (Hulbert, 2005). In birds, catalase is mainly present in peroxisomes
(Scott et al., 1969) where it is involved in the degradation of hydrogen peroxide
produced in the process of beta-oxidation (Alexson and Cannon, 1984) of long-chain
polyunsaturated fatty acids (PUFA). High catalase concentrations in the quails might
therefore not necessarily mirror a high mitochondrial ROS production, but possibly high
production of these long-chain PUFA. Although quails might have a high PUFA
turnover, their membrane fatty acid composition is very similar to the membranes of
parrots (highlighted in Figure 8-1 in form of a similar peroxidation index).

An interesting antioxidant that is part of the oxidative stress theory and might be related
to the long lifespan of parrots is the high GPx activity in their tissues relative to quail
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(expressed as a low quail/parrot ratio in Figure 8-1). Assuming a similar membrane
composition and similar rates of lipid peroxidation (leading to similar amounts of lipidbased ROS, such as lipid hydroperoxides) parrot tissues might have a greater protection
against these harmful hydroperoxides. This is the case as glutathione peroxidases are
not only involved in the degradation of hydrogen peroxide, but also in the break-down
of other hydroperoxides, such as lipid hydroperoxides (Yant et al., 2003).

I am left with the conclusion that the 5-fold differences in MSLP between quail and
parrots are not explained by the oxidative stress theory of aging. This does not eliminate
oxidative stress as contributing to differences in MLSP among these species, but there is
no indication that cumulative damage is responsible for such differences. Instead
attention should be directed toward examining age-related differences in oxidative stress
and related damage among these species, with consideration of changes in homeostatic
regulation of critically important modulators of oxidative stress, such as iron (Kell,
2009).
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Chapter 9: General conclusions
A strength of this study is the extensiveness of the parameters that were examined in
relation to the oxidative stress theory of aging. Apart from some exceptions (such as the
Andziak and Buffenstein naked mole-rat comparison) most previous studies usually
examine single components of the theory making it difficult to confidently conclude
that oxidative stress is actually responsible for lifespan differences in the animals under
study. Primary mitochondria-derived ROS such as superoxide and hydrogen peroxide
are commonly assumed to be the major reactive oxygen species involved in oxidative
stress, aging and in the determination of maximum lifespan. This study, however,
suggests this assumption may be very misguided.

Primary ROS production is not as important in lifespan determination as commonly
assumed.
Although mitochondrial superoxide production has been repeatedly emphasized to be
important in determining an animal‟s maximum lifespan, my in vitro measurements in
both the rat-pigeon and the parrot-quail comparisons do not support this interpretation.
In the parrot-quail study, I took the determination of mitochondrial ROS production a
step closer to in vivo situations by measuring ROS levels in intact erythrocytes. Both
isolated mitochondrial and erythrocyte measurements indicate that the production of the
primary mitochondria-derived ROS does not account for the longevity variation
between parrots and quails.

Succinate is not the most appropriate substrate for the measurement of ROS production.
My results agree with previous findings (Herrero and Barja, 1997; Lambert et al., 2007)
showing that rat hearts do indeed have a higher mitochondrial ROS generation than
those of pigeons. However, as was shown previously (Lambert et al., 2007), this is only
the case when mitochondria are provided with succinate as a substrate, and not when
pyruvate is used. This leads to the question: What substrates do mitochondria use in
vivo? The mitochondrial respiration chain is constantly surrounded by a complex variety
of carbohydrates, lipids and proteins and all of those are potential substrates, dependent
upon the energy requirements of the cell and availability of substrates. The degradation
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of most substrates, with the exception of succinate, will lead to a high NADH/FADH2
ratio. Therefore, in my view, the commonly named „complex II‟ substrate succinate
(due to the low NADH/FADH2 ratio) is not a representative substrate for the in vivo
situation and, furthermore, the physiological relevance of the reverse electron flow
associated with succinate oxidation has been questioned (Brand, 2010). When pyruvate
is used as a substrate, I find no convincing evidence that rats produce more superoxide
than pigeons, or that quails have a higher superoxide production than parrots.

The physiological relevance of primary ROS production in the presence of artificial
inhibitors is unclear.
Currently seven sites of mitochondrial superoxide production have been identified, with
complex I and complex III of the respiration chain having the greatest capacities (Brand,
2010). The high primary ROS production in rat and pigeon cardiac mitochondria can be
dramatically minimised when complex I is inhibited (using rotenone), demonstrating
that most of the superoxide is indeed produced at complex I through reverse electron
flow, and that complex III and other possible ROS generators have only a small share in
the total mitochondrial superoxide production. Whereas complex I has been repeatedly
shown to make the major contribution to mitochondrial superoxide production (e.g.
Lambert and Brand, 2004b), complex III produces high amounts of superoxide only in
the presence of the complex III-inhibitor Antimycin A (Liu et al., 2002; Chen et al.,
2003). In the parrot-quail comparison, I compared primary ROS production in the
presence and absence of Antimycin A. I found an increase in superoxide generation,
confirming that complex III doesn‟t produce superoxide at maximum rates under
physiological conditions. However, another question arises: how comparable are the
rates of ROS production when artificial inhibitors (such as rotenone and Antimycin A)
are used compared to the in vivo situation? Answers to such questions await application
of new methodological approaches such as the use of membrane-permeant dyes in
animal tissues to make more physiologically relevant statements about differences in
ROS production,.

Antioxidants can be used as indirect markers of oxidative stress.
Differences in mitochondrial superoxide production do not necessarily mean there are
differences in oxidative stress. The actual oxidative stress levels experienced by an
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animal are determined by the effectiveness of antioxidants in dynamically offsetting
pro-oxidative processes. Because antioxidant levels often reflect the potential for ROS
formation, in vivo oxidative stress levels can sometimes be inferred from measurements
of the concentration and activity of a variety of antioxidant systems. Antioxidants are
important in the decomposition of the large variety of ROS produced, and their tissue
and mitochondrial levels often represent indirectly the levels of oxidative stress within
the respective tissue or mitochondria (Beckman and Ames, 1998).

In the rat-pigeon comparison, I have measured both superoxide production and
superoxide dismutation (superoxide dismutase activity), and the results show that
antioxidant levels do indeed reflect the tissue‟s ROS production. For example, the high
primary ROS production in rat heart mitochondria (with succinate) is in accordance
with a very high superoxide dismutase activity. In rat heart, 72 percent of the SOD is
located inside the mitochondria, in proximity to the largest source of superoxide
generation, the respiration chain. In skeletal muscle mitochondria, pigeons exhibit a
higher ROS generation (with pyruvate) which is in accordance with a higher SOD
activity in this tissue in comparison to the rat. In the liver, a lack of difference in ROS
production is accompanied by the absence of differences in SOD activity. In the parrotquail comparison, the only tissue that shows a correlation of SOD and MLSP is the
heart. The negative relationship of SOD activity and MLSP is suggestive of a
chronically higher superoxide production in the short-living quails.

Catalase levels coincide with long-chain PUFA degradation and DHA production.
In both species-comparisons, it was always the shorter-living species (the rats and the
quails) that demonstrated very high catalase concentrations in their tissues. Catalase is
mainly located inside peroxisomes, both in mammals (De Duve and Baudhuin, 1966;
Deisseroth and Dounce, 1970) as well as in birds (Scott et al., 1969). This is interesting
in that peroxisomes are the site of the final synthetic step of highly polyunsaturated fatty
acids, such as DHA. These 22-carbon PUFA result from a single cycle of beta-oxidation
of a 24-carbon PUFA (Sprecher, 2000). Beta-oxidation of fatty acids in peroxisomes
differs from the process in mitochondria in that hydrogen peroxide is a by-product in
peroxisomes, but not in mitochondria where H2O is produced (Alexson and Cannon,
1984). The high catalase concentrations in peroxisomes might be important in the
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breakdown of hydrogen peroxide produced during the synthesis of these PUFA. High
catalase levels in the short-living species (such as the rats and the quails) might
therefore be related to differences in rates of PUFA synthesis between short-living and
long-living species.

In this regard, the high catalase levels in rats are in accordance with their high
membrane PI values compared to those for pigeons. By contrast, in the parrot-quail
comparison, membranes from all birds had very similar compositions. Despite this,
quails have higher catalase levels in comparison to parrots, and this difference might be
related to different turnover rates of highly polyunsaturated fatty acids (Alberts et al.,
2002). Although parrots and quails exhibit a similar superoxide production, quail
mitochondria might still have to cope with higher lipid peroxidation rates, resulting in
the need for rapid fatty acid repair and removal rates. Further studies, however, are
needed to test this possibility.

Biomarkers of oxidative damage do not explain the long lifespan of pigeons or parrots.
In the rat-pigeon and parrot-quail comparisons, a small minority of measurements (13
and 17%, respectively) showed a higher accumulation of oxidative damage in the shortliving species (the rats and the quails). The measurement of oxidative stress biomarkers
in tissue samples collected at a specific age is the net consequence of a number of
interacting processes associated with ROS damage, damage repair, and removal of
damaged products that precede the sampling point. A lack of longevity-patterns in the
accumulation of oxidative damage might therefore not necessarily mean that tissues of
short-living and long-living species are damaged to a similar extent. Differences in
oxidative damage may occur, but might be undetectable due to fast repair and removal
rates.

Secondary ROS, produced during lipid peroxidation, are important in lifespan
determination.
Whereas rates of primary ROS generated during mitochondrial respiration (such as
superoxide and hydrogen peroxide) are similar in long-living and short-living species, it
is the secondary ROS, derived from the attack of primary ROS on membrane lipids that
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appear to be more important in lifespan variation. This statement is based on the
following considerations:

(i) In the rat-pigeon comparison, the only substantial difference observed between rats
and pigeons was the membrane fatty acid composition. Polyunsaturated fatty acids,
which are found in high concentrations in the rat tissue and mitochondrial membranes,
are highly prone to peroxidation, leading to the formation of the harmful secondary
ROS. If we compare two membranes under identical conditions of oxidative challenge,
it is the membrane with the greater PI and the higher (calculated) susceptibility to
oxidative damage that will produce a greater degree of oxidative stress. If we assume
that rats and pigeons have similar primary ROS (superoxide) production rates, but differ
in susceptibility of membranes to peroxidative damage, then the higher PI of rat
membranes will lead to higher levels of overall oxidative stress.

(ii) Glutathione peroxidase levels are higher in the rat than those of the pigeon in all
tissues examined, both in total tissue and in isolated mitochondria. Glutathione
peroxidase is not only involved in the degradation of hydrogen peroxide, but also in the
decomposition of lipid hydroperoxides (Yant et al., 2003). As high antioxidant activities
can be interpreted to be concordant with high oxidative stress levels, the high GPx
concentrations in the rat tissues might reflect high levels of lipid hydroperoxides,
produced in the process of lipid peroxidation.

However, it is also possible that some antioxidants are maintained at precautiously high
concentrations to protect against ROS in some long-living species. In this regard, there
is an additional outcome that seems to support the idea that secondary ROS are
important in lifespan determination:

(iii) GPx levels were higher in the parrots in comparison to the quails in all tissues, and
significantly higher in skeletal muscle and liver. If we assume that parrot and quail
tissues do indeed produce a similar amount of superoxide and, sharing similar
membrane fatty acid compositions, produce similar amounts of secondary ROS, parrot
tissues will produce lower lipid hydroperoxide concentrations due to higher glutathione
peroxidase activities. A rapid degradation of hydrogen peroxide and lipid
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hydroperoxides might be one of the reasons why the parrot species I examined exhibit
such long lifespans.

The problem with two-group comparisons and phylogenetic dependence
Comparative approaches are commonly used when studying the mechanisms that
underlie the basis of aging and life span variation. However, such species comparisons
are constrained by two major difficulties: (1) co-variation of lifespan and physiological
traits with body mass and (2) species do not represent statistically independent data
(Speakman, 2005). Although I have overcome the first issue by comparing relatively
similar-sized species, the second problem remains and needs a more detailed discussion.
Rats and pigeons, as well as parrots and quails, share a common evolutionary ancestor,
rendering all data obtained non-independent and requiring phylogenetic corrections. The
usual outcome of such phylogenetic corrections is the decline of statistical significance
in the observed relationships. Most of the variables I have measured in both the ratpigeon and the parrot-quail comparisons show no longevity-related pattern without the
additional use of a phylogenetic correction. Due to the lack of differences and the small
number size, from my point of view, the performance of a phylogenetic correction is not
reasonable and won‟t change the major statements made in this thesis. A more extensive
comparison than the two-group comparisons carried out in this study, involving a larger
amount of species and clades, would be necessary to be able to make statements about
the importance of phylogeny in aging and life span variation.

Are the bird-mammal differences in oxidative stress measures related to differences in
their longevity?
I am able to assess whether all observed differences between rats and pigeons are due to
their longevity differences, or whether the bird-mammal differences are unrelated to
differences in maximum lifespan. This is the case as I have measured aspects of the
oxidative stress theory in one mammal and one bird species that exhibit a similar body
mass and a very similar maximum lifespan, the rat and the Japanese quail. The
comparison of rats and Japanese quails is likely to help in the understanding of the
importance of oxidative stress in regard to MLSP. Table 9-1 compares all measured
aspects of the oxidative stress theory between rats and Japanese quails, and between
Japanese quails and pigeons. If oxidative stress were an important determinant of
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longevity, I would expect the rats and Japanese quails to show similar rates of ROS
production, a similar membrane susceptibility to oxidative damage, and/or similar
antioxidant and oxidative damage levels, whereas quails would show higher oxidative
stress levels in comparison to pigeons. If those assumptions are not met, this would
suggest that differences in oxidative stress do not correspond with lifespan differences
at this phase of their life and the presence/absence of differences might simply reflect
phylogeny. Despite Japanese quails and rats having a very similar body mass and
maximum lifespan, the majority of oxidative stress parameters measured and compared
varies significantly (as highlighted by the asterisks) between these two species. I have
compared 43 parameters, with 53% of those being higher in the rats, 16% being higher
in the Japanese quails and with only 30% showing similar values in both species (Table
9.1). The comparison of Japanese quails and pigeons revealed that, despite the pigeons
exhibiting a 5-fold higher maximum lifespan, they show similar levels of mitochondrial
ROS production and even a higher accumulation of oxidative damage. On the other
side, pigeons have a higher antioxidant protection (in 50% of the antioxidant
comparisons) whereas only 28% of the antioxidants were higher in the Japanese quails.
Furthermore, pigeons have membranes that have a lower susceptibility to peroxidative
damage (Table 9.1). These results suggest that the long lifespan of pigeons (within the
class aves) might be due to their superior antioxidant protection and their low tissue
susceptibility to oxidative damage, again highlighting the importance of membrane fatty
acid composition and the rates of secondary lipid-based ROS production in lifespan
variation. Despite some patterns in oxidative stress parameters that are able to explain a
proportion of the lifespan differences in regard to the oxidative stress theory of aging, it
is likely that the differences observed between rats and pigeons as well as between
parrots and quails are simply due to phylogeny and do not reflect lifespan differences.
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Table 9-1: Comparison of oxidative stress parameters in Japanese quails and rats
Parameter
Tissue Substrate JQ vs. R
JQ vs. P
ROS production
Heart Succinate JQ = R
JQ = P
Pyruvate
JQ < R *
JQ = P
Muscle Succinate JQ = R
JQ = P
Pyruvate
JQ = R
JQ < P
*
Liver Succinate JQ < R ***
JQ = P
Pyruvate
JQ < R ***
JQ = P
Antioxidants
Total antioxidants
Plasma
JQ = R
JQ > P
***
Heart
JQ < R **
JQ < P
***
Muscle
JQ > R **
JQ < P
*
Liver
JQ < R ***
JQ < P
*
Reduced glutathione
Blood
JQ > R ***
JQ = P
Heart
JQ > R *
JQ = P
Liver
JQ = R
JQ = P
Superoxide dismutase Plasma
JQ = R
JQ = P
Heart
JQ > R *
JQ > P
***
Muscle
JQ < R ***
JQ < P
***
Liver
JQ < R ***
JQ < P
***
Glutathione Peroxidase Plasma
JQ < R ***
JQ < P
***
Heart
JQ = R
JQ > P
*
Muscle
JQ < R ***
JQ < P
**
Liver
JQ < R ***
JQ < P
*
Catalase
Plasma
JQ < R ***
JQ < P
*
Heart
JQ < R ***
JQ > P
**
Liver
JQ = R
JQ > P
***
Peroxidation Index
Heart
JQ < R ***
JQ > P
*
Pectoral muscle
JQ < R ***
JQ > P
*
Liver
JQ < R **
JQ > P
**
Leg muscle
JQ < R ***
JQ > P
*
Kidney
JQ < R ***
JQ = P
Brain
JQ > R **
JQ = P
Erythrocytes
JQ < R ***
JQ = P
Oxidative damage
DNA damage
Heart
JQ = R
JQ = P
Liver
JQ = R
JQ < P
*
Protein damage
Plasma
JQ < R ***
JQ < P
**
Heart
JQ < R **
JQ < P
***
Muscle
JQ > R **
JQ = P
Liver
JQ = R
JQ = P
Lipid hydroperoxide
Plasma
JQ = R
JQ < P
**
Liver
JQ > R ***
JQ = P
Malondialdehyde
Plasma
JQ < R ***
JQ < P
*
Heart
JQ < R ***
JQ < P
**
Muscle
JQ = R
JQ < P
*
Liver
JQ < R **
JQ < P
*
= represents similar magnitude of oxidative stress (no statistical difference), < represents a smaller and >
represents a greater oxidative stress value in the Japanese quail (JQ) in comparison to the rat (R).
Asterisks represent statistically significant differences, with * p<0.05, ** p<0.01 and *** p<0.001.
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Final Conclusions
The major outcomes of this study can be summarized in four statements:

(1) Mitochondrial primary ROS production does not account for the longevity
differences between parrots and quails, and is also unlikely to be a major determinate of
lifespan differences between rats and pigeons.

(2) Secondary lipid-based ROS, created through the oxidative attack of primary ROS on
membrane fatty acids, are likely to play an important role in lifespan variation between
rats and pigeons, as well as between the examined parrot and quail species. However, it
should be noted that the production rate of these secondary ROS is influenced by the
rate of primary ROS production. Therefore, it is the level of total ROS production
(primary ROS + secondary ROS) that is responsible for determining the level of
oxidative stress and not solely superoxide production.

(3) Antioxidant levels can be used as indirect markers of oxidative stress.

Superoxide dismutase activity, especially in isolated mitochondria, can be used as
indirect marker of superoxide production in the respective tissue. Furthermore, GPx
activity can be employed to determine hydroperoxide (such as hydrogen peroxide or
lipid hydroperoxide), whereas catalase might be related to peroxisomal long-chain
PUFA synthesis.

(4) The commonly used oxidative stress biomarkers might not be appropriate markers to
determine differences in the accumulation of oxidative damage between species.

Because oxidatively damaged molecules may be quickly repaired or removed from the
cellular surroundings, interspecific variation in biomarker levels may not be indicative
of differences in oxidative stress, but, instead, differences in repair and removal rates,
such as differences in nuclease and proteasome activities.
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Chapter 11: Supplementary data
Table 1: Body mass (in g), maximum lifespan (MLSP; in years) and basal metabolic
rate (BMR; in kj/g/h) of Galliformes bird species (fowl). If no reference is given, values
are taken from the AnAge database.

Common name

Species name

Black francolin

Francolinus francolinus

Parameter

body mass
MLSP
Black grouse
Lyrurus tetrix
body mass
MLSP
Blue grouse
Dendragapus obscurus body mass
MLSP
BMR
California quail
Callipepla californica
body mass
MLSP
BMR
Common bobwhite
Colinus virginianus
body mass
MLSP
BMR
Common pheasant
Phasianus colchicus
body mass
MLSP
Common quail
Coturnix coturnix
body mass
MLSP
BMR
Crested guan
Penelope purpurascens body mass
MLSP
Gambel‟s quail
Callipepla gambelii
body mass
MLSP
BMR
Gray francolin
Francolinus pondicerianus body mass
MLSP
Gray partridge
Perdix perdix
body mass
MLSP
BMR
Great curassow
Crax rubra
body mass
MLSP
Greater prairie chicken Tympanuchus cupido
body mass
MLSP
Hazel grouse
Tetrastes bonasia
body mass
MLSP
Japanese quail
Coturnix japonica
body mass
MLSP
BMR

Value
453
7
1079
12
1059
14
0.016
138
10
0.036
194
6
0.020
1095
27
97
11
0.033
2430
6
166
7
0.022
334
8
492
5
0.016
4133
24
908
5
429
7
115
6
0.031

Reference

[1]

[2]

[3]
[3]

[4]
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Common name

Species name

King quail

Coturnix chinensis

Parameter

body mass
MLSP
BMR
Lesser prairie chicken Tympanachus pallidicinctus body mass
MLSP
Peacock pheasant
Polyplectron napoleonis body mass
MLSP
Peafowl
Pavo cristatus
body mass
MLSP
Plain chacalaca
Ortalis vetula
body mass
MLSP
Razor-billed curassow Mitu tuberosa
body mass
MLSP
Red junglefowl
Gallus gallus
body mass
MLSP
BMR
Red-legged partridge Alectoris rufa
body mass
MLSP
Reeves pheasant
Syrmaticus reevesii
body mass
MLSP
Ruffed grouse
Bonasa umbellus
body mass
MLSP
BMR
Sage grouse
Centrocercus urophasianus
body mass
MLSP
BMR
Sharp-tailed grouse
Tympanuchus phasianellus
body mass
MLSP
Spruce grouse
Falcipennis Canadensis body mass
MLSP
Western capercaillie Tetrao urogallus
body mass
MLSP
BMR
Wattled curassow
Crax globulosa
body mass
MLSP
White-tailed ptarmigan Lagopus leucura
body mass
MLSP
BMR
Wild turkey
Meleagris gallopavo
body mass
MLSP
BMR
Willow ptarmigan
Lagopus lagopus
body mass
MLSP
BMR

Value

Reference

45
5
0.029
795
14
550
15
4200
23
496
9
3500
23
780
30
0.008
528
6
1239
9
532
11
0.013
1930
7
0.026
908
8
417
13
2590
18
0.011
2500
20
326
15
0.026
6050
13
0.009
596
9
0.018

[5]
[5]

[6]

[7]

[8]

[9]
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Table 2: Body mass (in g), maximum lifespan (MLSP; in years) and basal metabolic
rate (BMR; in kj/g/h) of Psittaciformes bird species (parrots). If no reference is given,
values are taken from the AnAge database.

Common name

Species name

Parameter

Value

African grey parrot

Psittacicus erithacus

Alexandra‟s parrot

Polytelis alexandrae

Alexandrine parrot

Psittacula eupatria

Andean parakeet

Bolborhynchus orbygnesius

Ara macao

Ara macao

body mass
MLSP
BMR
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP
body mass
MLSP

333
50
0.016
104
24
255
30
43
9
1040
33
232
27
724
45
260
18
194
34
149
23
128
19
167
18
58
58
1030
43
29
18
271
14
86
15
171
31
28
14
52
14
492
32

Australian king parrot Alisterus scapularis
Banksian cockatoo

Calyptorhynchus banksii

Black lory

Lorius lory

Black parrot

Coracopsis nigra

Black-capped parrot

Pionites melanocephalus

Black-hooded conure Nandayus nenday
\
Black-winged lory
Eos cyanogenia
Black-winged loverbird

Agapornis taranta

Blue and yellow macaw

Ara ararauna

Blue lorikeet

Vini peruviana

Blue-backed parrot

Tanygnathus sumatranus

Bluebonnet

Northiella haematogaster

Blue-crowned conure Aratinga acuticaudata
Blue-crowned hanging parrot

Loriculus galgulus

Blue-crowned lorikeet Vini australis
Blue-eyed cockatoo

Cacatua opthalmica

Reference
[1]

[2]
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Common name

Species name

Blue-fronted amazon

Amazona aestiva

Parameter

body mass
MLSP
Blue-headed parrot
Pionus menstruus
body mass
MLSP
Blue-rumped parrot
Psittinus cyanurus
body mass
MLSP
Blue-steaked lory
Eos reticulata
body mass
MLSP
Blue-throated macaw Ara glaucogularis
body mass
MLSP
Blue-winged macaw Primolius maracana
body mass
MLSP
Blue-winged parrot
Neophema chrysostoma body mass
MLSP
Bourke‟s parrot
Neopsephotus bourkii
body mass
MLSP
Brown parrot
Poicephalus meyeri
body mass
MLSP
Brown-headed parrot Poicephalus Cryptoxanthus body mass
MLSP
Brown-necked parrot Poicephalus robustus
body mass
MLSP
Budgerigar
Melopsittacus undulates body mass
MLSP
BMR
Canary-winged parakeet
Brotogeris versicolors
body mass
MLSP
Carolina parakeet
Conuropsis carolinensis body mass
MLSP
Chattering lory
Lorius garrulous
body mass
MLSP
Chestnut-fronted macaw
Ara severus
body mass
MLSP
Cockatiel
Nyphicus hollandicus
body mass
MLSP
BMR
Colasisi
Loriculus philippensis
body mass
MLSP
Crimson rosella
Platycercus elegans
body mass
MLSP
Crimson shining parrot
Prosopeia splendens
body mass
MLSP
Crimson-bellied conure
Pyrrhura perlata
body mass
MLSP
Ducorp‟s cockatoo
Cacatua ducorpsii
body mass
MLSP
Dusky lory
Pseudeos fuscata
body mass
MLSP

Value
451
49
251
21
85
10
155
17
784
22
265
31
46
21
45
13
118
34
140
32
344
30
30
21
0.043
72
10
100
30
143
27
343
29
90
35
0.029
35
10
125
27
280
20
87
14
394\
31
149
13

Reference

[3]
[3]

[3]

[4]

[3]
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Common name

Species name

Parameter

Value

Eastern rosella

Platycercus eximius

body mass
MLSP

104
27

Eclectus parrot

Eclectus roratus

body mass
MLSP
BMR
Edward‟s fig parrot
Psittaculirostris edwardsii
body mass
MLSP
Elegant parrot
Neophema elegeans
body mass
BMR
Festive amazon
Amazona festiva
body mass
MLSP
Fischer‟s loverbird
Agapornis fischerii
body mass
MLSP
Galah
Eolephus roseicapella
body mass
MLSP
BMR
Gang-gang cockatoo Callocephalon fimbriatum
body mass
MLSP
Golden conure
Guaruba guarouba
body mass
MLSP
Golden-capped conure Aratinga Auricapillus
body mass
MLSP
Golden-naped parron Amazona auropalliata
body mass
MLSP
Goldie‟s lorikeet
Psitteuteles goldiei
body mass
MLSP
Great green macaw
Ara ambiguus
body mass
MLSP
Great-billed parrot
Tanygnathus megalorynchus
body mass
MLSP
Green conure
Aratinga holochlora
body mass
MLSP
Green-cheeked amazon
Amazona viridigenalis body mass
MLSP
BMR
Green-rumped parrotlet
Forpus passerinus
body mass
MLSP
Green-cheeked parakeet
Brotogeris pyrrhoptera body mass
MLSP
Hawk-headed parrot Deroptyus accipitrinus body mass
MLSP
Hooded parrot
Psephotus dissimilis
body mass
MLSP
Horned parakeet
Eunymphicus cornutus body mass
MLSP
Hyancinth macaw
Anodorhunchus hyacinthinus body mass
MLSP

440
29
0.014
105
12
49
0.046
430
25
48
13
271
40
0.019
256
28
250
23
130
21
500
49
51
11
1300
29
325
23
138
22
338
50
0.023
24
12

Reference

[1]
[3]
[3]
[1]

[1]

[3]

[3]

[1]
[5]
[6]

64

11
246
22
55
18
130
20
1330
39
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Common name

Species name

Iris lorikeet

Psitteuteles iris

Jardine‟s parrot
Kaka
Kakapo
Kea

Large fig parrot
Lear‟s macaw
Lilac-crowned amazon
Little corella
Long-billed black cockatoo

Long-billed corella

Masked shining parrot
Mexican parrotlet
Military macaw
Mindana lorikeet
Mulga parrot
Musk lorikeet
Northern rosella
Nyasa loverbird
Olive-headed lorikeet
Orange-fronted conure
Orange-winged amazon

Ornate lorikeet

Parameter

body mass
MLSP
Poicephalus gulielmi
body mass
MLSP
Nestor meridionalis
body mass
BMR
Strigops habroptila
body mass
MLSP
Nestor notabilis
body mass
MLSP
BMR
Psittaculirostris desmarestii
body mass
MLSP
Anodorhynchus leari
body mass
MLSP
Amazona finschi
body mass
MLSP
Cacatua sanguinea
body mass
MLSP
Calyptorhynchus baudinii body mass
MLSP
Cacatua tenuirostris
body mass
MLSP
BMR
Prosopeia personata
body mass
MLSP
Forpus cyanopygius
body mass
MLSP
Ara militaris
body mass
MLSP
Trichoglossus johnstoniae
body mass
MLSP
Psephotus varius
body mass
MLSP
Glossopsitta concinna
body mass
MLSP
Platycercus venustus
body mass
MLSP
Agapornis lilianae
body mass
MLSP
Trichoglossus euteles
body mass
MLSP
Aratinga canicularis
body mass
MLSP
Amazona amazonica
body mass
MLSP
Trichoglossus ornatus
body mass
MLSP

Value
75
24
275
21
429
0.021
1750
60
868
47
0.019
117
17
940
38
302
26
350
47
620
47
567
43
0.021
322
12
34
11
1134
46
55
18
62
12
71
12
90
19
37
19
74
16
85
16
370
30
110
19

Reference
[3]

[1]

[1]

[1]
[3]

[3]
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Common name

Species name

Parameter

Value

Pacific parrotlet

Forpus coelestis

Palm cockatoo

Probosciger aterrimus

body mass
MLSP
body mass
MLSP

26
10
841
56

Papuan lorikeet

Charmosyna papou

body mass
MLSP
Patagonian conure
Cyanoliseus patagonus body mass
MLSP
Pesquet‟s parrot
Psittrichas fulgidus
body mass
MLSP
Philippine cockatoo
Cacatua haematuropygia
body mass
MLSP
Pileated parrot
Pionopsitta pileate
body mass
MLSP
Pink cockatoo
Cacatua leadbeateri
body mass
MLSP
Plain parakeet
Brotogeris tirica
body mass
MLSP
Plum-headed parakeet Psittacula cyanocephala body mass
MLSP
Port Lincoln ringneck Barnardius zonarius
body mass
MLSP
BMR
Purple-bellied parrot Triclaria malachitacea
body mass
MLSP
Purple-crowned lorikeet
Glossopsitta porphyrocephala body mass
MLSP
Purple-naped lory
Lorius domicella
body mass
MLSP
Quaker parakeet
Myoiopsitta monachus body mass
MLSP
`
BMR
Rainbow lorikeet
Trichoglossus haematodus
body mass
MLSP
BMR
Red and yellow macaw Ara chloropterus
body mass
MLSP
Red lory
Eos bornea
body mass
MLSP
Red-breasted parakeet Psittacula alexandri
body mass
MLSP
Red-breasted parrot
Poicephalus rufiventris body mass
MLSP
Red-browned amazon Amazona rhodocorytha body mass
MLSP
Red-capped parrot
Purpureicephalus spurisu body mass
MLSP

83
11
278
20
865
25
288
17
119
17
390
77
63
11
66
19
150
18
0.019
90
12
44
12
182
26
82
22
0.023
115
16
0.031
1220
50
156
25
147
23
120
33
450
44
116
15

Reference

[7]

[1]

[3]
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Common name

Species name

Red-faced loverbird

Agapornis pullarius

Parameter

body mass
MLSP
Red-fronted macaw
Ara rubrogenys
body mass
MLSP
Red-fronted parakeet Cyanoramphus novaezelandiae body mass
MLSP
BMR
Red-masked conure
Aratinga erythrogenis
body mass
MLSP
Red-rumped parrot
Psephotus heamatonotus body mass
MLSP
Red-shouldered macaw Diopsittaca nobilis
body mass
MLSP
Red-tailed black cockatoo Calyptorhynchus magnificus body mass
BMR
Red-winged parrot
Aprosmictus erythropterus
body mass
MLSP
Regent parrot
Polytelis anthopeplus
body mass
MLSP
Reticulata parrot
Eos histrios
body mass
MLSP
Ring-necked parakeet Psittacula krameri
body mass
MLSP
Rock parrot
Neophema petrophila
body mass
BMR
Rose-crested parakeet Cacatua moluccensis
body mass
MLSP
Rosy-faced loverbird Agapornis roseicellis
body mass
MLSP
BMR
Ruppel‟s parrot
Poicephalus rueppellii
body mass
MLSP
Salvadori‟s fig parrot Psittaculirostris salvadorii body mass
MLSP
Scaly-headed parrot Pionus maximiliani
body mass
MLSP
Scarlet-chested parrot Neophema spendida
body mass
MLSP
Senegal parrot
Poicephalus senegalus
body mass
MLSP
Short-tailed parrot
Graydidascalus brachyurus
body mass
MLSP
Slender-billed conure Enicognathus leptorhynchus body mass
MLSP
BMR
Spix‟s macaw
Cyanopsitta spixii
body mass
MLSP

Value
43
18
470
23
93
12
0.034
151
26
61
12
170
23
535
0.020
136
24
170
14
150
15
128
34
48
0.047
830
66
48
25
0.035
116
34
118
12
293
16
39
14
155
40
159
13
193
15
0.017
200
27

Reference

[1]

[3]

[1]

[3]

[1]
[1]

[1]
[8]
[1]
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Common name

Species name

Parameter

Value

St.Vincent amaxon

Amazona guildingii

Sulphur-crested cockatoo

Cacatua galerita

body mass
MLSP
body mass
MLSP
BMR

646
28
800
57
0.016

body mass
MLSP
Tanimbar cockatoo
Cacatua goffiniana
body mass
MLSP
Thick-billed parrot
Rhynchopsitta pachyrhyncha body mass
MLSP
Tui parakeet
Brotogeris sanctithomae body mass
MLSP
Turquoise parrot
Neophema pulchella
body mass
MLSP
Vasa parrot
Coracopsis vasa
body mass
MLSP
Vernal hanging parrot Loriculus vernalis
body mass
MLSP
Violet-necked lory
Eos squamate
body mass
MLSP
Western corella
Cacatua pastinator
body mass
MLSP
Western rosella
Platycercus icterotis
body mass
MLSP
White-bellied parrot Pionites leucogaster
body mass
MLSP
White cockatoo
Cacatua alba
body mass
MLSP
BMR
White-eared conure
Pyrrhura leucotis
body mass
MLSP
White-fronted amazon Amazona albifrons
body mass
MLSP
Yellow-cheeked amazon
Amazona autumnalis
body mass
MLSP
Yellow-chevroned parakeet Brotogeris chiriri
body mass
MLSP
Yellow-crested cockatoo Cacatua sulphurea
body mass
MLSP
BMR
Yellow-crowned amazon Amazona ochrocephala body mass
MLSP
Yellow-faced parrotlet
Forpus xanthops
body mass
MLSP

153
15
275
26
360
33
59
13
41
21
525
54
36
10
110
17
637
26
63
13
155
26
570
27
0.016
53
19
215
25
416
27
62
19
340
50
0.014
430
56
35
11

Superb parrot

Polytelis swainsonii

Reference

[7]

[3]

[1]
[3]

[1]
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Common name

Species name

Yellow-fronted parakeet

Cyanoramphus auriceps body mass
MLSP
BMR
Chalcopsitta sintillata
body mass
MLSP
Calyptorhynchus funereus
body mass
MLSP

Yellow-streaked lory
Yellow-tailed black cockatoo

Parameter

Value
46
9
0.034
190
20
679
41

Reference
[1]

References to supplementary Table 2:

1. McNab BK, Salisbury CA (1995) Energetics of New Zealands temperate parrots.
New Zealand Journal of Zoology 22: 339-349.
2. http://www.birdsnways.com.
3. http://www.parrots.org.
4. Kendeigh SC (1970) Energy requirements for existence in relation to size of bird. .
The Condor 72: 60-65.
5. http://www.birdchannel.com.
6. Bucher TL (1985) Ventilation and oxygen consumption in Amazona viridigenalis - A
reappraisal of resting respiratory parameters in birds. Journal of Comparative
Physiology B-Biochemical Systemic and Environmental Physiology 155: 269276.
7. Williams JB, Withers PC, Bradshaw SD, Nagy KA (1991) Metabolism and water
flux of captive and free-living australian parrots. Australian Journal of Zoology
39: 131-142.
8.http://animaldiversity.ummz.umich.edu/site/accounts/information/Agapornis_roseicoll
is.

209

Table 3: Fatty acid composition of whole tissue (liver, pectoral muscle, leg muscle,
heart, kidney, brain and erythrocytes) and mitochondrial (liver and pectoral muscle)
phospholipids (mol %) of pigeons and rats. Shown are means ± SEM; included in each
column is the number of animals used from each species and tissue. SFA = saturated
fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids,
UI = unsaturation index, PI = peroxidation index
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Heart

Pectoral muscle

Tissue
number animals

Rat
6

Pigeon
7

Mitochondria
Rat
Pigeon
4
5

Tissue

C16:0
C16:1 n7
C18:0
C18:1 n9
C18:1 n7
C18:2 n6
C18:3 n3
C20:0
C20:1 n9
C20:2 n6
C20:4 n6
C20:5 n3
C22:0
C22:5 n3
C22:6 n3

13.7±0.4
0.2±0.0
21.5±0.9
4.0±0.3
4.5±0.1
19.1±1.4
0.1±0.0
0.2±0.0
0.1±0.0
0.2±0.0
20.5±0.8
0.1±0.0
0.1±0.0
2.3±0.1
10.2±1.0

12.3±1.5
0.5±0.0
19.3±0.6
5.3±0.4
1.9±0.1
30.8±1.0
0.5±0.1
0.6±0.0
0.1±0.0
0.1±0.0
21.2±0.8
0.5±0.1
0.1±0.0
2.3±0.1
1.9±0.2

16.1±2.4
0.8±0.3
21.9±0.5
6.6±0.5
3.6±0.7
17.7±2.3
0.2±0.1
0.3±0.1
0.3±0.1
0.2±0.0
14.2±0.6
0.2±0.2
0.2±0.0
1.5±0.3
7.8±1.2

15.3±1.9
0.9±0.1
23.6±1.2
6.2±0.4
2.2±0.2
22.2±2.1
0.3±0.0
0.3±0.0
0.2±0.1
0.1±0.0
18.9±0.8
0.5±0.0
0.1±0.0
1.3±0.2
1.7±0.2

23.1±0.3
0.5±0.0
15.2±0.2
5.3±0.1
3.1±0.1
19.4±0.7
0.2±0.0
0.1±0.0
0.1±0.0
0.2±0.0
15.0±0.3
0.2±0.0
0.1±0.0
2.8±0.1
11.1±0.8

6.8±1.8
0.4±0.0
24.7±0.6
5.0±0.5
2.9±0.2
33.4±1.6
0.3±0.0
0.3±0.0
0.1±0.0
0.1±0.0
19.2±1.8
0.4±0.1
0.1±0.0
2.9±0.2
1.7±0.2

16.6±1
0.5±0.1
19.2±1.0
4.9±0.5
3.2±0.2
21.8±1.3
0.3±0.1
0.1±0.0
0.2±0.1
0.1±0.0
13.5±0.7
0.3±0.0
0.1±0.0
2.2±0.2
11.7±1.0

7.9±1.0
0.3±0.0
22.8±3.1
4.5±0.5
2.3±0.3
26.0±3.6
0.2±0.0
0.2±0.0
0.1±0.0
0.1±0.0
17.8±2.5
0.5±0.1
0.1±0.0
1.8±0.3
1.3±0.2

Σ SFA
Σ unsaturated
Σ MUFA
Σ PUFA
Σ n-6 PUFA
Σ n-3 PUFA
UI
PI

35.8±1.0
64.2±1.0
9.5±0.4
54.8±1.3
42.0±0.8
12.8±1.1
212.9±6.5
207.4±8.9

32.9±1.9
67.1±1.9
8.2±0.4
58.8±1.8
53.4±1.6
5.3±0.4
187.8±5.8
155.0±5.4

41.9±3.9
58.1±3.9
14.4±0.6
43.7±4.0
34.0±2.4
9.6±1.7
170.4±14.4
155.3±15.4

41.1±1.8
58.9±1.8
12.8±1.4
46.1±2.9
42.2±2.6
3.7±0.4
156.8±7.1
126.4±6.8

38.9±0.3
61.1±0.3
9.7±0.1
51.4±0.3
36.8±1.0
14.5±0.8
200.8±2.2
196.5±4.3

31.4±2.7
68.6±2.7
8.8±0.6
59.8±2.7
54.2±2.5
5.5±0.4
187.4±8.8
151.6±8.4

38.2±2.2
61.8±2.2
9.4±0.6
52.4±2.0
37.7±2.0
14.6±1.2
200.1±6.9
194.1±7.3

31.4±4.2
56.6±7.8
7.8±1.1
48.9±6.7
44.9±6.2
3.9±0.5
155.1±22.1
125.6±17.

Rat
6

Pigeon
8

Mitochondria
Rat
Pigeon
6
8
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Liver

Leg muscle

Tissue
number animals

Rat
6

Pigeon
8

Mitochondria
Rat
Pigeon
6
8

C16:0
C16:1 n7
C18:0
C18:1 n9
C18:1 n7
C18:2 n6
C18:3 n3
C20:0
C20:1 n9
C20:2 n6
C20:4 n6
C20:5 n3
C22:0
C22:5 n3
C22:6 n3

21.0±1.0
1.0±0.2
19.0±0.7
4.3±0.2
3.7±0.2
13.5±0.8
0.1±0.0
0.1±0.0
0.2±0.0
0.4±0.0
26.1±0.8
0.4±0.0
0.1±0.0
1.3±0.1
5.1±0.3

11.0±0.6
0.5±0.1
28.6±1.4
8.9±1.0
2.0±0.1
27.9±0.6
0.2±0.0
0.2±0.0
0.2±0.0
0.3±0.0
13.6±0.3
0.4±0.1
0.1±0.0
0.8±0.1
2.3±0.5

18.8±0.8
1.1±0.2
18.1±0.4
4.7±0.3
3.5±0.1
16.7±0.6
0.2±0.0
0.1±0.0
0.2±0.0
0.1±0.0
25.7±0.7
0.4±0.0
--1.2±0.1
5.1±0.3

9.5±1.6
0.5±0.1
28.1±1.1
10.3±0.8
1.9±0.1
29.3±1.2
0.3±0.1
0.1±0.0
0.1±0.0
0.2±0.0
13.3±0.3
0.4±0.1
0.1±0.0
0.7±0.1
2.1±0.4

23.3±0.8
0.5±0.0
15.4±0.2
4.3±0.2
3.3±0.2
16.4±1.5
0.2±0.0
--0.1±0.0
0.2±0.0
17.1±0.6
0.3±0.0
0.1±0.0
3.1±0.1
12.4±1.4

Σ SFA
Σ unsaturated
Σ MUFA
Σ PUFA
Σ n-6 PUFA
Σ n-3 PUFA
UI
PI

41.5±0.6
58.5±0.6
9.7±0.5
48.8±0.7
41.7±1.1
7.0±0.4
187.9±1.7
175.4±2.1

40.3±1.5
59.7±1.6
11.9±1.2
47.8±0.6
43.8±0.6
3.8±0.4
151.0±4.0
116.5±4.1

38.6±0.6
61.4±0.6
10.0±0.5
51.4±0.6
44.3±0.9
6.8±0.4
192.3±1.1
175.9±1.2

38.5±0.8
61.5±0.7
13.2±0.8
48.3±1.1
44.5±1.4
3.5±0.3
151.5±1.7
113.2±2.2

39.2±0.9
60.8±0.9
8.7±0.2
52.1±0.9
36.0±2.0
16.0±1.5
211.8±4.7
214.5±8.6

Kidney

Tissue
Rat
6

Tissue
Pigeon
8

Rat
6

Pigeon
8

9.8±1.2
0.8±0.3
24.3±1.3
8.2±1.8
2.5±0.2
28.7±1.8
0.3±0.0
0.5±0.1
0.1±0.0
0.3±0.2
17.1±1.5
0.6±0.1
0.2±0.0
2.7±0.3
2.1±0.3

21.0±0.5
0.5±0.1
19.0±0.3
6.5±0.2
2.2±0.1
10.3±0.7
0.1±0.0
0.2±0.0
0.1±0.0
0.3±0.0
31.7±0.5
0.3±0.0
0.3±0.0
0.4±0.0
2.2±0.1

12.7±1.8
0.4±0.0
24.4±1.3
9.1±1.3
2.6±0.6
25.0±4.1
0.2±0.1
0.5±0.0
0.3±0.1
0.3±0.1
15.4±1.3
0.8±0.1
0.4±0.1
0.6±0.1
2.7±1.2

33.6±3.6
66.4±3.6
12.3±2.1
54.1±3.6
48.1±3.8
5.8±0.5
177.9±11.5
144.0±11.2

42.9±0.4
57.1±0.4
10.2±0.2
47.0±0.5
43.9±0.5
3.0±0.1
180.8±1.1
164.2±1.5

39.0±1.3
61.0±1.3
13.8±3.1
47.2±3.6
42.7±4.6
4.4±1.0
158.3±3.7
125.6±4.9
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Brain

Erythrocytes

Tissue
number animals

Rat
4

Pigeon
8

Mitochondria
Rat
Pigeon
6
8

C16:0
C16:1 n7
C18:0
C18:1 n9
C18:1 n7
C18:2 n6
C18:3 n3
C20:0
C20:1 n9
C20:2 n6
C20:4 n6
C20:5 n3
C22:0
C22:5 n3
C22:6 n3

23.2±0.6
0.4±0.0
20.2±0.2
18.7±0.3
3.7±0.2
0.6±0.0
--0.4±0.0
1.5±0.2
0.1±0.0
9.8±0.5
0.1±0.0
0.4±0.0
0.2±0.0
13.1±0.3

24.7±2.2
0.6±0.1
21.0±1.1
11.0±1.1
4.8±0.6
3.6±1.6
--0.2±0.1
0.3±0.2
0.1±0.0
11.4±1.0
0.1±0.0
0.2±0.1
0.3±0.1
13.4±1.9

28.7±0.8
0.5±0.1
13.5±0.4
7.0±0.4
3.1±0.1
10.9±0.5
0.2±0.0
0.1±0.0
0.2±0.0
0.4±0.0
23.4±0.4
0.3±0.0
0.3±0.0
1.9±0.1
2.5±0.2

15.1±0.7
0.6±0.0
23.1±0.7
10.9±0.7
1.7±0.1
33.4±0.8
0.1±0.0
0.2±0.0
0.4±0.0
0.6±0.0
5.7±0.2
0.2±0.0
0.3±0.0
1.0±0.0
1.6±0.3

Σ SFA
Σ unsaturated
Σ MUFA
Σ PUFA
Σ n-6 PUFA
Σ n-3 PUFA
UI
PI

45.4±0.6
54.6±0.6
26.9±1.1
27.7±0.5
14.3±0.6
13.4±0.3
162.8±0.9
162.3±2.2

46.7±2.0
53.3±2.0
18.6±2.6
34.8±2.1
20.7±3.8
13.8±1.8
179.2±5.2
186.3±12.5

45.5±0.7
54.5±0.7
12.0±0.4
42.6±0.8
37.4±0.7
5.0±0.4
166.2±3.1
149.4±3.6

39.4±0.3
60.6±0.3
16.0±0.7
44.6±0.7
41.5±0.8
3.0±0.3
130.0±1.3
84.0±2.0
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Table 4: Fatty acid composition of whole tissue (liver, pectoral muscle, leg muscle,
heart, kidney, brain and erythrocytes) and mitochondrial (liver and pectoral muscle)
phospholipids (mol %) of long-living parrots and short-living quails. Shown are means
± SEM; included in each column is the number of animals used from each species and
tissue. SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA =
polyunsaturated fatty acids, UI = unsaturation index, PI = peroxidation index
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Liver
number animals

King quail
8

Japanese quail
9

Budgerigar
6

Lovebird
8

Cockatiel
9

C16:0
C16:1 n7
C18:0
C18:1 n9
C18:1 n7
C18:2 n6
C18:3 n3
C20:0
C20:1 n9
C20:2 n6
C20:4 n6
C20:5 n3
C22:0
C22:5 n3
C22:6 n3

22.1 ± 0.4
0.4 ± 0.0
22.8 ± 0.2
8.0 ± 0.7
0.9 ± 0.0
19.0 ± 0.6
0.6 ± 0.1
0.1 ± 0.0
0.1 ± 0.0
0.5 ± 0.0
11.3 ± 0.3
1.8 ± 0.2
0.3 ± 0.0
0.7 ± 0.0
8.6 ± 0.9

21.3 ± 0.4
1.2 ± 0.3
22.4 ± 0.6
13.7 ± 1.4
1.2 ± 0.1
14.7 ± 0.4
0.3 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
0.3 ± 0.0
12.3 ± 0.7
1.1 ± 0.1
0.2 ± 0.0
0.7 ± 0.1
6.7 ± 0.8

19.9 ± 0.9
0.4 ± 0.1
22.8 ± 0.9
12.2 ± 1.1
0.9 ± 0.1
20.7 ± 1.6
1.5 ± 0.2
0.1 ± 0.0
0.1 ± 0.0
0.4 ± 0.0
10.4 ± 0.3
1.8 ± 0.4
0.3 ± 0.1
0.3 ± 0.0
6.0 ± 0.5

13.7 ± 0.6
0.4 ± 0.1
28.4 ± 0.6
12.3 ± 0.5
1.1 ± 0.1
15.5 ± 0.5
0.1 ± 0.0
0.1 ± 0.0
0.2 ± 0.0
0.4 ± 0.0
20.8 ± 0.4
0.3 ± 0.0
0.2 ± 0.0
0.2 ± 0.0
3.8 ± 0.2

17.0 ± 0.4
0.9 ± 0.2
26.3 ± 0.6
14.0 ± 1.0
1.2 ± 0.1
11.4 ± 0.8
0.2 ± 0.1
0.1 ± 0.0
0.1 ± 0.0
0.2 ± 0.0
18.1 ± 0.7
1.3 ± 0.2
0.4 ± 0.0
0.6 ± 0.0
5.2 ± 0.4

Σ SFA
Σ unsaturated
Σ MUFA
Σ PUFA
Σ n-6 PUFA
Σ n-3 PUFA
UI
PI

45.6 ± 0.2
54.4 ± 0.2
9.7 ± 0.8
44.6 ± 0.7
32.8 ± 0.5
11.7 ± 0.7
166.9 ± 4.0
155.5 ± 6.6

44.4 ± 0.3
55.6 ± 0.3
16.6 ± 1.8
39.0 ± 1.5
29.7 ± 1.0
8.8 ± 0.8
155.3 ± 5.2
136.8 ± 8.3

43.6 ± 0.6
56.4 ± 0.6
14.0 ± 1.4
42.4 ± 1.2
32.6 ± 1.6
9.7 ± 0.7
152.8 ± 1.5
129.5 ± 3.6

42.7 ± 0.1
57.3 ± 0.2
14.3 ± 0.6
43.0 ± 0.5
38.2 ± 0.7
4.5 ± 0.2
161.2 ± 1.1
138.2 ± 1.8

44.2 ± 0.4
55.8 ± 0.4
16.8 ± 1.3
39.0 ± 1.1
31.4 ± 0.9
7.3 ± 0.5
160.0 ± 3.1
142.4 ± 4.7
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Liver mitochondria
animals used

King quail
8

Japanese quail
10

Lovebird
8

Cockatiel
9

C16:0
C16:1 n7
C18:0
C18:1 n9
C18:1 n7
C18:2 n6
C18:3 n3
C20:0
C20:1 n9
C20:2 n6
C20:4 n6
C20:5 n3
C22:0
C22:5 n3
C22:6 n3

19.0 ± 0.9
0.8 ± 0.2
21.2 ± 1.1
12.2 ± 2.2
1.6 ± 1.1
20.5 ± 1.1
0.7 ± 0.1
0.1 ± 0.1
0.2 ± 0.0
0.6 ± 0.1
11.9 ± 0.3
1.8 ± 0.3
--0.2 ± 0.1
6.5 ± 0.6

18.9 ± 0.6
0.9 ± 0.2
22.5 ± 0.3
11.9 ± 1.1
1.4 ± 0.1
17.8 ± 0.7
0.4 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
0.4 ± 0.0
14.1 ± 0.4
0.9 ± 0.1
0.1 ± 0.0
0.6 ± 0.1
7.3 ± 0.7

12.0 ± 0.8
1.0 ± 0.1
25.8 ± 0.7
15.5 ± 1.1
1.7 ± 0.1
17.2 ± 0.8
0.1 ± 0.0
--0.1 ± 0.0
0.4 ± 0.0
20.1 ± 0.6
0.3 ± 0.1
--0.1 ± 0.0
3.0 ± 0.2

15.0 ± 0.7
1.2 ± 0.3
26.3 ± 0.5
14.3 ± 1.0
1.5 ± 0.1
14.3 ± 0.9
0.3 ± 0.1
0.1 ± 0.0
0.1 ± 0.0
0.3 ± 0.1
18.4 ± 0.7
1.5 ± 0.2
--0.4 ± 0.0
3.8 ± 0.3

Σ SFA
Σ unsaturated
Σ MUFA
Σ PUFA
Σ n-6 PUFA
Σ n-3 PUFA
UI
PI

40.8 ± 1.6
59.2 ± 1.6
15.7 ± 2.6
43.5 ± 1.6
34.1 ± 1.4
9.3 ± 0.5
160.8 ± 4.0
137.6 ± 5.7

41.9 ± 0.4
58.1 ± 0.4
14.6 ± 1.3
43.6 ± 1.4
34.1 ± 1.0
9.2 ± 0.7
166.6 ± 4.1
148.3 ± 6.0

38.4 ± 0.4
61.6 ± 0.4
19.2 ± 1.4
42.5 ± 1.4
38.7 ± 1.4
3.5 ± 0.2
158.8 ± 2.8
127.6 ± 3.5

42.0 ± 0.6
58.0 ± 0.6
17.5 ± 1.2
40.5 ± 1.3
34.2 ± 1.1
6.0 ± 0.5
158.1 ± 3.3
134.2 ± 4.0

216

Pectoral muscle
animals used

King quail
8

Japanese quail
10

Budgerigar
6

Lovebird
8

Cockatiel
9

C16:0
C16:1 n7
C18:0
C18:1 n9
C18:1 n7
C18:2 n6
C18:3 n3
C20:0
C20:1 n9
C20:2 n6
C20:4 n6
C20:5 n3
C22:0
C22:5 n3
C22:6 n3

14.4 ± 0.3
0.3 ± 0.0
22.7 ± 0.3
7.5 ± 0.3
2.2 ± 0.1
26.3 ± 0.7
0.5 ± 0.1
0.1 ± 0.0
0.1 ± 0.0
0.2 ± 0.0
15.9 ± 0.4
0.9 ± 0.1
0.2 ± 0.0
1.0 ± 0.0
6.3 ± 0.5

15.3 ± 0.8
0.4 ± 0.0
24.7 ± 0.6
6.4 ± 0.5
2.0 ± 0.1
20.6 ± 0.8
0.8 ± 0.0
0.2 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
19.8 ± 0.5
0.8 ± 0.1
0.2 ± 0.0
0.9 ± 0.1
6.5 ± 0.3

15.2 ± 0.4
0.2 ± 0.0
23.2 ± 0.2
5.2 ± 0.4
1.7 ± 0.1
23.6 ± 0.6
1.2 ± 0.1
0.1 ± 0.0
--0.2 ± 0.0
14.4 ± 0.5
0.8 ± 0.1
0.1 ± 0.0
1.1 ± 0.0
10.9 ± 1.1

15.0 ± 0.5
0.3 ± 0.0
23.6 ± 0.3
6.5 ± 0.3
2.6 ± 0.1
23.1 ± 0.5
0.9 ± 0.1
0.1 ± 0.0
0.1 ± 0.0
0.2 ± 0.0
16.9 ± 0.8
0.2 ± 0.0
0.1 ± 0.0
0.7 ± 0.0
7.3 ± 0.6

12.7 ± 0.5
0.4 ± 0.0
24.9 ± 0.3
9.6 ± 0.5
3.2 ± 0.2
21.0 ± 1.0
1.1 ± 0.1
0.1 ± 0.0
0.1 ± 0.0
0.2 ± 0.0
19.4 ± 0.9
0.7 ± 0.1
0.1 ± 0.0
1.4 ± 0.1
3.6 ± 0.2

Σ SFA
Σ unsaturated
Σ MUFA
Σ PUFA
Σ n-6 PUFA
Σ n-3 PUFA
UI
PI

37.7 ± 0.3
62.3 ± 0.3
10.4 ± 0.4
51.9 ± 0.4
43.1 ± 0.6
8.8 ± 0.4
178.6 ± 2.3
155.7 ± 3.7

40.9 ± 0.9
59.1 ± 0.9
8.9 ± 0.4
50.2 ± 1.0
41.1 ± 1.1
9.0 ± 0.3
181.9 ± 2.9
166.0 ± 3.1

39.2 ± 0.4
60.8 ± 0.4
7.7 ± 0.5
53.0 ± 0.4
39.1 ± 0.9
14.0 ± 0.9
194.9 ± 3.9
186.2 ± 6.4

39.3 ± 0.3
60.7 ± 0.3
9.8 ± 0.3
50.9 ± 0.5
41.5 ± 0.7
9.3 ± 0.6
181.6 ± 1.6
163.5 ± 2.7

38.2 ± 0.3
61.8 ± 0.3
13.5 ± 0.5
48.4 ± 0.4
41.3 ± 0.2
6.9 ± 0.3
172.4 ± 1.6
146.0 ± 2.7
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Pectoral muscle mitochondria
animals used

King quail
8

Japanese quail
10

Budgerigar
4

Lovebird
8

Cockatiel
9

C16:0
C16:1 n7
C18:0
C18:1 n9
C18:1 n7
C18:2 n6
C18:3 n3
C20:0
C20:1 n9
C20:2 n6
C20:4 n6
C20:5 n3
C22:0
C22:5 n3
C22:6 n3

10.9 ± 0.4
0.3 ± 0.1
24.6 ± 0.6
6.3 ± 0.2
3.3 ± 0.5
28.4 ± 0.9
0.5 ± 0.1
--0.1 ± 0.0
0.2 ± 0.0
17.7 ± 0.4
0.9 ± 0.2
0.1 ± 0.0
0.6 ± 0.1
4.6 ± 0.6

11.9 ± 0.5
0.2 ± 0.0
26.2 ± 0.2
4.5 ± 0.6
2.7 ± 0.1
23.2 ± 0.7
0.8 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
--22.6 ± 0.8
0.8 ± 0.0
0.1 ± 0.0
0.5 ± 0.1
4.9 ± 0.3

13.5 ± 0.4
0.2 ± 0.0
25.2 ± 0.3
4.3 ± 0.3
2.0 ± 0.1
24.6 ± 0.5
1.3 ± 0.0
----0.2 ± 0.0
15.2 ± 1.1
0.7 ± 0.2
--0.9 ± 0.0
10.8 ± 1.5

10.1 ± 0.5
0.7 ± 0.1
24.1 ± 0.4
6.7 ± 1.3
3.6 ± 0.4
26.4 ± 0.6
1.1 ± 0.1
--0.1 ± 0.0
0.3 ± 0.0
16.1 ± 0.6
0.2 ± 0.1
0.1 ± 0.0
0.4 ± 0.0
7.2 ± 0.7

12.8 ± 0.5
0.9 ± 0.2
24.8 ± 1.4
10.3 ± 1.6
5.0 ± 0.3
22.4 ± 1.0
1.2 ± 0.1
0.1 ± 0.1
--0.1 ± 0.0
15.0 ± 1.0
0.5 ± 0.1
--0.7 ± 0.1
3.0 ± 0.3

Σ SFA
Σ unsaturated
Σ MUFA
Σ PUFA
Σ n-6 PUFA
Σ n-3 PUFA
UI
PI

36.6 ± 0.7
63.4 ± 0.7
10.1 ± 0.5
53.3 ± 0.8
46.6 ± 0.6
6.7 ± 0.7
175.9 ± 3.5
147.5 ± 4.9

38.8 ± 0.9
61.3 ± 0.9
7.8 ± 0.8
53.5 ± 1.6
46.3 ± 1.4
7.2 ± 0.4
185.1 ± 5.2
164.3 ± 6.0

38.9 ± 0.6
61.1 ± 0.6
6.7 ± 0.5
54.4 ± 0.2
40.6 ± 1.3
13.7 ± 1.3
196.7 ± 3.9
187.4 ± 7.2

34.9 ± 0.8
65.2 ± 0.8
12.4 ± 1.5
52.8 ± 1.4
43.7 ± 1.0
7.2 ± 1.4
184.2 ± 4.9
159.6 ± 7.4

39.0 ± 1.3
61.0 ± 1.3
17.9 ± 2.6
43.1 ± 2.0
37.7 ± 1.7
5.4 ± 0.4
151.2 ± 4.9
117.0 ± 6.6

218

Leg muscle
animals used

King quail
8

Japanese quail
10

Budgerigar
6

Lovebird
8

Cockatiel
9

C16:0
C16:1 n7
C18:0
C18:1 n9
C18:1 n7
C18:2 n6
C18:3 n3
C20:0
C20:1 n9
C20:2 n6
C20:4 n6
C20:5 n3
C22:0
C22:5 n3
C22:6 n3

16.0 ± 0.5
0.4 ± 0.1
22.5 ± 0.5
7.4 ± 0.5
1.9 ± 0.0
23.3 ± 0.6
0.7 ± 0.0
0.3 ± 0.0
0.1 ± 0.0
0.3 ± 0.0
14.4 ± 0.5
0.5 ± 0.0
0.3 ± 0.0
2.1 ± 0.2
7.5 ± 0.2

18.7 ± 1.2
0.4 ± 0.0
23.6 ± 0.5
6.6 ± 0.3
1.7 ± 0.1
20.8 ± 0.7
0.8 ± 0.1
0.3 ± 0.0
0.1 ± 0.0
0.2 ± 0.0
14.6 ± 0.4
0.5 ± 0.0
0.3 ± 0.0
1.6 ± 0.1
7.8 ± 0.3

17.5 ± 0.3
0.3 ± 0.0
21.6 ± 0.2
7.7 ± 0.3
1.5 ± 0.1
21.1 ± 0.6
1.1 ± 0.1
0.2 ± 0.0
0.1 ± 0.0
0.2 ± 0.0
11.3 ± 0.4
0.9 ± 0.1
0.3 ± 0.0
1.8 ± 0.1
11.8 ± 0.8

14.2 ± 0.8
0.2 ± 0.1
24.0 ± 0.5
9.4 ± 0.2
2.2 ± 0.1
19.2 ± 2.8
0.8 ± 0.1
0.3 ± 0.1
0.1 ± 0.0
0.2 ± 0.0
15.0 ± 0.4
0.1 ± 0.0
0.2 ± 0.0
1.2 ± 0.1
7.1 ± 0.5

18.0 ± 1.2
0.6 ± 0.1
23.8 ± 0.5
12.4 ± 1.0
2.2 ± 0.1
17.3 ± 1.0
0.8 ± 0.1
0.3 ± 0.0
0.1 ± 0.0
0.2 ± 0.0
14.1 ± 0.4
0.7 ± 0.1
0.3 ± 0.0
2.1 ± 0.2
4.5 ± 0.4

Σ SFA
Σ unsaturated
Σ MUFA
Σ PUFA
Σ n-6 PUFA
Σ n-3 PUFA
UI
PI

39.7 ± 0.3
60.3 ± 0.3
10.3 ± 0.5
50.0 ± 0.4
39.1 ± 0.6
10.8 ± 0.3
179.6 ± 1.2
162.6 ± 1.9

43.6 ± 1.0
56.4 ± 1.0
9.0 ± 0.3
47.4 ± 0.9
36.7 ± 0.7
10.7 ± 0.4
173.3 ± 3.2
160.3 ± 3.6

40.1 ± 0.3
59.9 ± 0.3
10.0 ± 0.3
49.9 ± 0.5
34.2 ± 0.9
15.6 ± 0.7
191.9 ± 2.1
186.0 ± 3.9

39.4 ± 0.2
60.6 ± 0.2
12.6 ± 0.4
48.1 ± 0.5
38.8 ± 0.8
9.1 ± 0.6
178.2 ± 2.5
158.7 ± 2.8

43.2 ± 1.4
56.8 ± 1.4
15.6 ± 1.2
41.2 ± 1.3
32.8 ± 0.9
8.1 ± 0.5
156.0 ± 4.0
133.8 ± 4.3
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Heart
animals used

King quail
8

Japanese quail
10

Budgerigar
6

Lovebird
8

Cockatiel
9

C16:0
C16:1 n7
C18:0
C18:1 n9
C18:1 n7
C18:2 n6
C18:3 n3
C20:0
C20:1 n9
C20:2 n6
C20:4 n6
C20:5 n3
C22:0
C22:5 n3
C22:6 n3

14.9 ± 0.3
0.2 ± 0.0
22.6 ± 0.5
5.8 ± 0.4
1.9 ± 0.1
27.0 ± 0.5
0.4 ± 0.0
0.2 ± 0.0
0.1 ± 0.0
0.3 ± 0.0
20.5 ± 0.6
0.7 ± 0.1
0.3 ± 0.0
0.9 ± 0.1
1.8 ± 0.2

16.5 ± 0.2
0.2 ± 0.0
21.6 ± 0.3
5.2 ± 0.3
2.7 ± 0.1
20.8 ± 0.3
0.4 ± 0.0
0.2 ± 0.0
0.1 ± 0.0
0.2 ± 0.0
25.0 ± 0.3
0.4 ± 0.0
0.3 ± 0.0
1.1 ± 0.0
3.7 ± 0.4

14.8 ± 0.2
0.3 ± 0.1
22.6 ± 0.4
5.9 ± 0.5
1.0 ± 0.0
29.3 ± 0.9
1.6 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
13.7 ± 0.5
0.7 ± 0.1
0.2 ± 0.0
0.7 ± 0.0
7.0 ± 0.9

15.3 ± 1.7
0.2 ± 0.1
24.3 ± 1.3
5.2 ± 0.7
1.6 ± 0.1
25.9 ± 0.8
0.5 ± 0.1
0.2 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
20.2 ± 0.8
0.1 ± 0.0
0.2 ± 0.0
0.4 ± 0.1
3.8 ± 1.0

17.9 ± 0.4
0.4 ± 0.0
20.5 ± 0.3
8.8 ± 0.4
2.5 ± 0.1
19.2 ± 0.9
1.0 ± 0.1
0.1 ± 0.0
0.1 ± 0.0
0.2 ± 0.0
19.2 ± 0.8
0.6 ± 0.0
0.2 ± 0.0
1.5 ± 0.1
6.0 ± 0.4

Σ SFA
Σ unsaturated
Σ MUFA
Σ PUFA
Σ n-6 PUFA
Σ n-3 PUFA
UI
PI

38.4 ± 0.4
61.6 ± 0.4
8.8 ± 0.5
52.8 ± 0.5
48.9 ± 0.5
3.9 ± 0.2
169.8 ± 2.4
138.1 ± 3.3

39.0 ± 0.1
61.0 ± 0.1
8.4 ± 0.3
52.6 ± 0.3
47.0 ± 0.4
5.6 ± 0.4
184.8 ± 1.3
163.7 ± 2.3

38.3 ± 0.1
61.7 ± 0.1
7.9 ± 0.5
53.8 ± 0.5
43.8 ± 0.6
9.9 ± 0.7
177.8 ± 3.3
154.3 ± 5.7

40.2 ± 0.9
59.8 ± 0.9
7.5 ± 0.8
52.3 ± 1.2
47.1 ± 1.1
5.0 ± 1.0
171.9 ± 5.2
145.9 ± 7.3

39.1 ± 0.2
60.9 ± 0.2
12.1 ± 0.4
48.8 ± 0.5
39.5 ± 0.5
9.1 ± 0.5
181.3 ± 1.1
162.9 ± 1.8
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Kidney
animals used

King quail
8

Japanese quail
10

Budgerigar
5

Lovebird
8

Cockatiel
9

C16:0
C16:1 n7
C18:0
C18:1 n9
C18:1 n7
C18:2 n6
C18:3 n3
C20:0
C20:1 n9
C20:2 n6
C20:4 n6
C20:5 n3
C22:0
C22:5 n3
C22:6 n3

19.0 ± 0.6
0.3 ± 0.0
21.3 ± 0.5
7.4 ± 0.3
1.8 ± 0.1
22.1 ± 0.5
0.4 ± 0.0
0.3 ± 0.0
0.3 ± 0.1
1.0 ± 0.0
15.1 ± 0.2
1.3 ± 0.2
0.5 ± 0.0
0.6 ± 0.1
3.3 ± 0.3

18.7 ± 0.4
0.6 ± 0.1
21.4 ± 0.3
8.4 ± 0.4
1.9 ± 0.1
22.5 ± 0.3
0.4 ± 0.0
0.3 ± 0.0
0.2 ± 0.0
1.1 ± 0.1
16.2 ± 0.8
0.9 ± 0.1
0.5 ± 0.0
0.4 ± 0.0
2.4 ± 0.2

21.2 ± 0.3
0.3 ± 0.1
19.6 ± 0.3
9.5 ± 0.3
1.6 ± 0.1
23.9 ± 1.2
1.4 ± 0.2
0.4 ± 0.0
0.2 ± 0.0
1.0 ± 0.1
12.7 ± 0.5
1.9 ± 0.2
0.6 ± 0.0
0.3 ± 0.0
2.3 ± 0.4

15.1 ± 0.5
0.3 ± 0.0
23.9 ± 0.2
11.2 ± 0.2
1.5 ± 0.1
16.2 ± 0.5
0.2 ± 0.0
0.4 ± 0.0
0.2 ± 0.0
0.9 ± 0.1
20.9 ± 0.2
0.2 ± 0.0
0.5 ± 0.0
0.4 ± 0.0
3.4 ± 0.1

20.1 ± 0.2
0.7 ± 0.1
22.5 ± 0.1
11.7 ± 0.2
1.5 ± 0.2
11.9 ± 0.9
0.3 ± 0.0
0.4 ± 0.0
0.1 ± 0.0
0.5 ± 0.1
21.6 ± 0.6
0.9 ± 0.1
0.7 ± 0.0
0.6 ± 0.0
3.4 ± 0.2

Σ SFA
Σ unsaturated
Σ MUFA
Σ PUFA
Σ n-6 PUFA
Σ n-3 PUFA
UI
PI

41.8 ± 0.8
58.2 ± 0.8
11.2 ± 0.5
47.0 ± 0.9
41.1 ± 1.3
5.9 ± 0.5
159.8 ± 3.2
132.6 ± 3.5

41.9 ± 0.2
58.1 ± 0.2
11.6 ± 0.6
46.5 ± 0.6
41.9 ± 0.7
4.5 ± 0.2
154.0 ± 2.1
122.8 ± 3.1

42.6 ± 0.3
57.4 ± 0.3
12.6 ± 0.4
44.8 ± 0.5
38.5 ± 0.9
6.2 ± 0.4
146.3 ± 1.7
113.4 ± 3.8

40.7 ± 0.4
59.3 ± 0.4
15.3 ± 0.5
43.9 ± 0.5
39.6 ± 0.5
4.1 ± 0.1
163.0 ± 0.9
137.1 ± 1.4

44.6 ± 0.2
55.4 ± 0.2
14.9 ± 0.3
40.5 ± 0.4
35.0 ± 0.5
5.3 ± 0.3
159.1 ± 0.8
139.3 ± 1.7
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Brain
animals used

King quail
8

Japanese quail
10

Budgerigar
6

Lovebird
8

Cockatiel
9

C16:0
C16:1 n7
C18:0
C18:1 n9
C18:1 n7
C18:2 n6
C18:3 n3
C20:0
C20:1 n9
C20:2 n6
C20:4 n6
C20:5 n3
C22:0
C22:5 n3
C22:6 n3

28.4 ± 0.9
0.5 ± 0.0
19.4 ± 0.3
10.7 ± 0.5
4.7 ± 0.2
0.6 ± 0.0
--0.1 ± 0.0
0.4 ± 0.1
0.2 ± 0.0
9.5 ± 0.3
0.2 ± 0.0
0.4 ± 0.1
0.7 ± 0.1
16.1 ± 0.4

29.5 ± 0.8
0.6 ± 0.0
18.9 ± 0.5
10.7 ± 0.8
6.1 ± 0.3
0.4 ± 0.0
--0.1 ± 0.0
0.3 ± 0.1
0.1 ± 0.0
8.3 ± 0.3
--0.6 ± 0.1
0.5 ± 0.1
17.7 ± 0.5

27.5 ± 0.3
0.6 ± 0.0
21.5 ± 0.2
10.7 ± 0.1
3.3 ± 0.1
1.1 ± 0.1
0.1 ± 0.0
0.1 ± 0.0
0.2 ± 0.0
0.2 ± 0.0
9.0 ± 0.1
0.2 ± 0.0
0.2 ± 0.0
0.5 ± 0.0
18.6 ± 0.2

28.0 ± 0.7
0.5 ± 0.0
21.9 ± 0.3
11.2 ± 0.2
3.1 ± 0.1
0.4 ± 0.0
--0.1 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
11.0 ± 0.3
--0.2 ± 0.0
0.2 ± 0.0
15.4 ± 0.5

29.8 ± 0.4
0.7 ± 0.0
21.2 ± 0.3
12.4 ± 0.4
3.3 ± 0.1
0.5 ± 0.0
--0.1 ± 0.0
0.2 ± 0.0
0.1 ± 0.0
10.8 ± 0.2
0.1 ± 0.0
0.2 ± 0.1
0.5 ± 0.0
14.5 ± 0.4

Σ SFA
Σ unsaturated
Σ MUFA
Σ PUFA
Σ n-6 PUFA
Σ n-3 PUFA
UI
PI

49.5 ± 1.0
50.5 ± 1.0
19.1 ± 1.3
31.5 ± 0.3
14.3 ± 0.2
17.0 ± 0.4
176.3 ± 1.0
189.8 ± 2.8

50.0 ± 0.9
50.0 ± 0.9
19.3 ± 1.3
30.7 ± 0.4
12.3 ± 0.1
18.2 ± 0.4
176.9 ± 1.4
193.5 ± 2.7

50.0 ± 0.4
50.0 ± 0.4
16.7 ± 0.3
33.3 ± 0.2
13.9 ± 0.2
19.4 ± 0.2
184.9 ± 1.1
205.0 ± 1.2

50.8 ± 0.6
49.2 ± 0.6
16.9 ± 0.5
32.2 ± 0.4
16.4 ± 0.3
15.6 ± 0.5
176.8 ± 2.5
191.5 ± 3.2

42.0 ± 0.4
48.0 ± 0.4
17.6 ± 0.7
30.4 ± 0.4
15.3 ± 0.3
15.0 ± 0.4
167.8 ± 1.7
179.7 ± 2.9
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Erythrocytes
animals used

King quail
8

Japanese quail
10

Budgerigar
6

Lovebird
7

Cockatiel
9

C16:0
C16:1 n7
C18:0
C18:1 n9
C18:1 n7
C18:2 n6
C18:3 n3
C20:0
C20:1 n9
C20:2 n6
C20:4 n6
C20:5 n3
C22:0
C22:5 n3
C22:6 n3

22.4 ± 0.8
0.5 ± 0.2
19.5 ± 0.7
9.1 ± 0.3
1.2 ± 0.0
25.6 ± 0.7
0.9 ± 0.0
0.2 ± 0.0
0.2 ± 0.0
0.9 ± 0.1
6.9 ± 0.5
0.9 ± 0.1
0.2 ± 0.0
1.2 ± 0.1
4.8 ± 0.3

21.2 ± 0.6
0.7 ± 0.1
18.0 ± 0.4
12.4 ± 0.4
1.4 ± 0.1
29.1 ± 0.7
0.5 ± 0.1
0.3 ± 0.0
0.2 ± 0.0
0.3 ± 0.0
6.7 ± 0.3
0.3 ± 0.0
0.3 ± 0.0
1.0 ± 0.0
3.2 ± 0.2

16.5 ± 0.5
0.4 ± 0.1
22.1 ± 0.6
11.6 ± 0.8
1.3 ± 0.1
30.2 ± 1.5
1.1 ± 0.1
0.4 ± 0.0
0.2 ± 0.0
0.6 ± 0.0
6.0 ± 0.2
1.0 ± 0.1
0.4 ± 0.1
0.5 ± 0.0
2.2 ± 0.2

13.8 ± 0.5
0.3 ± 0.0
23.0 ± 0.3
11.6 ± 0.4
1.2 ± 0.0
25.6 ± 0.7
0.7 ± 0.0
0.4 ± 0.0
0.2 ± 0.0
0.3 ± 0.0
16.0 ± 0.4
0.4 ± 0.0
0.8 ± 0.1
0.1 ± 0.0
0.9 ± 0.1

18.9 ± 0.5
0.7 ± 0.1
18.9 ± 0.5
15.1 ± 0.6
1.9 ± 0.1
20.4 ± 0.9
0.5 ± 0.1
0.3 ± 0.0
0.4 ± 0.0
0.6 ± 0.0
10.9 ± 0.5
0.8 ± 0.1
0.5 ± 0.0
1.2 ± 0.1
3.0 ± 0.2

Σ SFA
Σ unsaturated
Σ MUFA
Σ PUFA
Σ n-6 PUFA
Σ n-3 PUFA
UI
PI

43.3 ± 0.9
56.7 ± 0.9
13.2 ± 0.5
43.5 ± 0.8
35.4 ± 0.7
7.9 ± 0.3
143.5 ± 3.4
113.5 ± 4.0

40.8 ± 0.5
59.2 ± 0.5
16.6 ± 0.5
42.6 ± 0.6
37.5 ± 0.7
5.0 ± 0.2
134.7 ± 1.7
95.6 ± 2.3

40.5 ± 0.8
59.5 ± 0.8
16.8 ± 1.0
42.7 ± 1.2
37.6 ± 1.3
5.0 ± 0.1
130.1 ± 1.6
86.9 ± 1.4

39.0 ± 0.7
61.0 ± 0.7
16.1 ± 0.3
44.9 ± 0.6
42.7 ± 0.6
2.1 ± 0.1
145.1 ± 1.9
104.4 ± 1.9

39.5 ± 0.5
60.5 ± 0.5
21.4 ± 0.7
39.1 ± 0.6
33.2 ± 0.6
5.5 ± 0.3
142.0 ± 1.3
106.4 ± 1.8
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Kit Booklet 1: Catalase Assay Kit
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Kit Booklet 2: Glutathione Assay Kit
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Kit Booklet 3: Uric Acid Assay Kit
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Kit Booklet 4: 8-hydroxy-2-deoxy guanosine EIA Kit
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Kit Booklet 5: Lipid Hydroperoxide Assay Kit
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